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Abstract
Paleomagnetic and rock magnetic analysis was conducted on specimens collected 
from vertical core in four wells drilled in two producing Ordovician petroleum reservoirs 
o f Ontario. The rock magnetic signatures o f both reservoirs are similar, a mixed 
combination o f single domain to pseudosingle domain pyrrhotite and magnetite, with 
minor hematite content in a few specimens. Characteristic remanent magnetization 
(ChRM) directions were azimuth-corrected by aligning the viscous remanence 
magnetization (VRM) with the present Earth’s magnetic field direction. Although four 
distinct ChRM populations were identified through rock magnetic analysis, combined 
with previous geochemical and petrologic data, only two of the populations produced 
reliable paleodirections; the limestone (Ls) specimens had a direction o f D = 172.2°, I = 
-0.1° (0 1 9 5 = 33.5; N = 5; k = 6.18) and the calcite and dolomite fracture fill specimens 
(Cs) had a direction o f D = 183.3°, I = -10.4° (a 95 = 3.8; N = 49; k = 130.71). A drilling- 
induced magnetization (VRMdi) affected a majority o f the segments (74%) comprised of 
dolomitized rocks (Ds). In these segments, where the VRM correction could not be made, 
a paleolatitudinal arc calculated from the inclination-only mean o f 1= -10.2, (n= 70, 0195= 
1.6) passes through the entire Permian and Early Triassic portions o f the North American 
apparent polar wander path. The results provide evidence for vertically migrating fluid 
flow through the Trenton Group, which may have been associated with dolomitization. In 
isolated zones with favorably high porosity and permeability, the Cs magnetization is 
associated with a later Early Triassic event observed in fracture fill. Thus, dolomitization 
in these reservoirs occurred prior to this event, probably sometime between the late 
Permian (Ls age) and Early Triassic (Cs age). Even though the conodont color alteration
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
index (CAI) values provided evidence for a thermal event (Colquhoun and Trevail 2000), 
which could have affected the ChRM component with localized thermal remanence 
rather than purely chemical remanence acquisition, all the observed magnetizations were 
either unaffected or post-date the thermal event. Therefore, the ChRM directions are 
considered to be low temperature chemical remagnetizations.
Keywords: Remagnetization, Paleomagnetism, Trenton, Ordovician
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This paleomagnetic study aims to examine the timing o f carbonate-altering 
diagenetic processes that occurred within the Trenton Group of southwestern Ontario. 
This information can be integrated with and modify existing models for the paragenetic 
history o f this carbonate group. Paleomagnetic and rock magnetic techniques can be used 
to determine the timing o f significant diagenetic events by isolating the unique magnetic 
signatures, directions (and therefore ages) of diagenetic phases associated with such 
events. Therefore paleomagnetic techniques can be used to determine the timing of 
specific fluid phases and to constrain the timing of hydrocarbon migration if  appropriate 
sample locations are identified.
The specific objectives o f this study are: 1) to identify and characterize the 
magnetization components (remanent magnetization) in core o f the Trenton Group in 
southwestern Ontario; 2) to examine and compare the magnetic characteristics (ie 
magnetic mineralogy and effective grain-size o f magnetic minerals) o f each o f the 
magnetization components; 3) to relate the paleomagnetic and rock magnetic 
characteristics to specific diagenetic events; 4) to place the above data into the geological 
context o f such events with the assistance o f previously conducted geochemical and 
petrographic work; and, 5) to evaluate the role that thermal events (as identified through 
conodont CAI values) played in remagnetizing the rocks.
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Although others have studied the paleomagnetic signatures o f diagenesis in 
subsurface non-ore hosting carbonate cores within the Western Canada Sedimentary 
Basin, a study using such paleomagnetic-based techniques has never been conducted on 
the Trenton Group cores o f southwestern Ontario. This project set out to provide new 
insight into an economically important and academically interesting part o f Ontario 
geology.
1.2 Background Introduction
The Trenton Group carbonates o f southwestern Ontario have been known to be a 
target for hydrocarbons since the late 1800’s. The oil and gas exploration play has 
continued to develop, defining targets linked to structure and dolomitization. The 
diagenetic facies surrounding these reservoirs have been established through research. 
Even though this is an active region of exploration, no strong evidence is available to date 
the timing on the dolomitization event or events, or the emplacement o f oil.
The paleomagnetic and rock magnetic facilities at the University o f Windsor are 
ideal for detecting the possible remanent magnetization from each o f the individual 
diagenetic facies. Chemical and thermal events in a diagenetic history are recorded in the 
palaeomagnetic records. Thus a paleomagnetic examination would provide valuable clues 
regarding the possible timing of carbonate-altering diagenetic processes that occurred 
within the Trenton Group. The initial focus o f this study would examine remanent 
paleomagnetic differences between the previously recognized carbonate phases. This
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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information would then be available to integrate and possibly modify existing models 
used to describe constraints on the nature and age o f such events, and add to the 
paragenetic history for the Trenton Group. Samples would be collected in sufficient 
quantities that accurate statistical analysis could be performed.
1.2.1 Trenton Group
The Ordovician Trenton Group o f eastern North America is composed o f three 
formations: (in ascending order) Kirkfield, Sherman Fall, and Cobourg formations. Like 
most stratigraphic units, the Trenton Group was first named and described in outcrop. 
Exposures o f Middle Ordovician age rocks are limited to two regions separated by the 
Fontenac Axis within Ontario (Figure 1.1). The Middle Ordovician rock were described 
as seven biostratigraphic units by Wilson (1946) after conducting extensive field 
mapping of the Ottawa and St. Lawrence basin. Liberty (1969) similarly mapped four 
Middle Ordovician formations based on lithologic subdivisions from Georgian Bay east 
to Lake Ontario. Middle Ordovician stratigraphic nomenclature has evolved over the 
years as similar facies throughout formations began being correlated on a basin wide 
scale (Figure 1.2). The Trenton Group lithology within the province o f Ontario is 
dominated by clean to shaley limestone with zones o f dolostone (Winder 1961).
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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Figure 1.1
Regions of Ordovician age bedrock exposed as outcrops, with areas of previous 
studies indicated by arrows.
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1.2.2 Depositional Environment
The Trenton Group represents a deepening-upward, shallow marine carbonate 
complex that developed in the Appalachian foreland basin during the Middle Ordovician 
(Figure 1.3). There is some debate over the temperature (cool water vs tropical) of 
Trenton carbonate deposition although Van der Voo and others have established a low 
paleolatitude o f approximately 15°S for Ontario during the Middle Ordovician 
(Brookfield 1988 and references within). The depositional environment o f the Trenton 
Group can be described as a carbonate ramp (Brookfield 1988; Brookfield et al. 1988; 
Carter et al. 1988; Smosna et al. 1991). The stratigraphic sequence records the deposition 
of a shallow transgressive carbonate system mixed with argillaceous input from the 
opposite side o f the basin in present eastern New York State (Brookfield 1988;
Brookfield et al. 1988) (Figure 1.4). This results in a rock record o f transition from 
shallow to open marine facies both through time and further basinward (Figure 1.5). It is 
important to note that there is a clastic component to the Middle Ordovician sediments of 
the North American craton as a result of early Taconic tectonic activity but sediments 
deposited in Ontario are distal to the clastic source and only record mixed argillaceous 
limestones (Winder 1961). Carter et al (1988) described the distal region of the North 
America cratonic ramp (Figure 1.6). The major facies is dominated by lime mud, with 
isolated zones o f both skeletal (packstone to wackstone) and argillaceous material. The 
Trenton Group is regionally nonporous in nature. These isolated patches o f skeletal and 
argillaceous material both contribute to and limit the local porosity, respectively.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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Although a minor component, these patches are an important control on fluid migration 
through the Trenton Group.
1.2.3 Dolomitization
The Trenton Group is regionally a nonporous limestone with isolated dolomitized 
regions (Wilson 1946; Winder 1961; and Liberty 1969). Due to the nonuniform 
distribution o f dolomitization within the Trenton Group, the dolomitization has been 
described on a local rather than a regional scale. No one study to date has reported that 
the dolomitization is related or restricted to any lithostratigraphic facies within the 
Trenton Group, although there is preferred dolomitization within skeletal zones and 
restricted dolomitization in argillaceous facies. A published summary of “Ordovician Oil 
Pools In Southwestern Ontario” prepared by Petrel Robertson Ltd. (1988) mapped the 
extent of dolomite in the Trenton over a restricted dolomite zone in the Hillman pool 
(Figure 1.7).
Unpublished MSc. work conducted by Colquhoun (1991) described four 
distinctive paragenetic events within the same restrictive dolomite zone. Detailed 
descriptions o f dolomites within a multitude of paragenetic sequences for Ontario have 
been published since the 1980’s (e.g. Bailey and Cochrane 1983, Colquhoun 1991, and 
Coniglio et al. 1994). It is common exploration practice to target these highly dolomitized 
regions for oil and gas production. Both the dolomitization process and the fault or 
fracture system enhance reservoir porosity.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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Ŝhwf Spr̂Jifîygs ^
Figure 1.3
Regional setting within Middle Ordovician context (Scotese 2006)
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Facies sequence o f the Trenton Group limestone, determined in southwestern Ontario 
and New York. (Brookfield and Brett 1988)
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
m in o r  rill
shallow -w ater in trac last-ske le ta l sands
e a s t
•sto rm -transported  fossil debris
p a tch es  of organism s 
/  on carb o n ate  mud substa te
peloid grainstone




Middle Ordovician ramp facies model for the Trenton Group deposition.
(Carter et al. 1988)
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1.2.4 Structure
Stanford et al (1985) suggested an association between faults and fractures and 
hydrocarbon traps within the Ordovician of southwestern Ontario. There has not been any 
definitive study o f the fault and fracture systems o f southern Ontario but Carter et al 
(1996) do summarize proposed fault and fracture theories. The majority o f the work done 
to date is speculative and based on available seismic, aeromagnetic data, and traditional 
subsurface structural, isopach and facies mapping (Carter et al 1996). The predominant 
theory speculates that structural features (faults and fractures) penetrated upwards from 
basement into the overlying stratigraphic units and acted as a conduit for fluid flow 
(Ziegler and Longstaffe 2000). These fault/factures are typically vertical to near vertical 
normal, and strike-slip in nature. Their locations have a close proximity to hydrocarbon 
shows (Stanford et al 1985). With the use o f aeromagnetic data, Donavon et al. (1979) 
hypothesized “that hydrocarbon-related brines migrated from depth upward along faults 
causing reduction o f hematite and iron oxyhdroxides to magnetite” but did not develop it 
any further. The work conducted in Ontario has been limited to comparing the association 
between fault/fractures and hydrocarbon occurrences (Carter et al 1996).
Berger and Davies (1999) studied the structural systems that have occurred in 
close spatial association with cratonic platform dolomite reservoirs globally. Berger and 
Davies have begun development o f a model that links linear hydrothermal dolomite 
deposits to tectonic activity. In the relatively seismically stable craton, movement is 
limited to wrench fault systems (Figure 1.8). This model is not widely embraced because 
few relationships between fault, factures and dolomitization have been described in
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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literature. Berger and Davies (1999) are trying to apply these wrench fault fluid systems 
in the Western Canada Sedimentary Basin. Wrench fault systems have been speculated, 
but not conclusively documented, as occurring in Ontario by Prouty (1988).
1.2.5 Timing
Previous stable isotope analyses and petrographic examination with in the Trenton 
Group have identified a number o f carbonate altering diagenetic processes (Colquhoun 
1991, Haefner et al 1988). Post-depositional dolomitization is speculated to have 
occurred much later than the original deposition of the limestone. The dolomitizing fluid 
has been postulated to have migrated upwards along a fault or fracture system from the 
lower Cambrian units (Colquhoun and Trevail 2000) (Figure 1.9). The exact timing of the 
various dolomitization events has yet to be fully understood with isotopic and other 
evidence.
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Surface fault patterns in a wrench fault system. (Berger and Davies 1999)
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Model for the dolomitization o f Middle Ordovician Carbonates in southwestern Ontario.
(Colquhoun and Trevail 2000)
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
17
A relationship between the lower Cambrian units and the Trenton Group via a 
fault/fracture system has been suggested (Ziegler and Longstaffe 2000). Detailed studies 
of the Cambrian may provide a link to what can be expected to have occurred within the 
Trenton Group. Chlorite, illite and K-feldspar studies along unconformities, which maybe 
large-scale fluid conduits, have identified at least two events o f large-scale fluid 
migration (Duffin 1989; Harper et al 1995; Paradis and Lavoie 1996; Ziegler and 
Longstaffe 1997; and Ziegler and Longstaffe 2000). Using their own and previously 
examined isotopic data from both secondary illite and K-feldspar, Ziegler and Longstaffe 
(2000) summarized the established ages for Precambrian, Cambrian and Ordovician 
rocks in relation to an orogenic timeline (Figure 1.10).
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Available dates from secondary illite (light grey) and K-feldspar (dark gray) from 
Precambrian, Cambrian and Ordovician host rocks o f southern Ontario and adjacent areas 
o f mid-continental North America
(Ziegler and Longstaffe 2000)
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1.2.6 Study Location
The Trenton Group outcrops in Eastern Ontario but the primary focus o f this 
study was conducted on subsurface samples and takes advantage o f the large number o f 
cores from Essex County, readily accessible at the Ontario Oil, Gas, and Salt Resources 
Library. Sampling core allows for the examination o f an entire section o f the stratigraphic 
column from a single location rather than recreating the stratigraphic section from 
scattered outcrops. The study o f core focused on core from four vertical wells drilled by 
Consumers’ Gas Company Ltd. et al. in southwestern Ontario represent two oil producing 
wells from each of the Hillman and Goldsmith-Lakeshore pools, respectively (Figure 
1.11): 1) 33821 (Mersea Twp., trac. 3, lot 12, con. I), 2) 33823 (MerseaTwp., trac.l, lot 
12, con. A), 3) 34151 (Mersea Twp., trac. 7, lot 18, con. VIII), 4) 34160 (Romney Twp., 
trac. 5, lot 8, con. II).
The pool’s structural trend is parallel to the trend o f many other pools in the area 
(Stanford et al 1985, Petrel Robertson 1988, Colquhoun 1991). The availability of both a 
significant amount o f core and abundant isotopic, geochemical, and structural work from 
these pools makes them an ideal test location for a paleomagnetic study.















Location o f Ordovician reservoirs (shaded) used in this study. The four petroleum wells 
sampled in southwestern Ontario are indicated by numbered points.
(with permission o f  the Ontario Oil, Gas and Salt Resources Library).
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1.2.7 Recent Paleomagnetism Research
Recently there have been a number o f publications, primarily sourced out o f the 
University o f Windsor, that have focused on the integration o f paleomagnetism with 
other traditional geochemical and petrographic methods for the analyzing of core 
(Lewchuk et al. 1998; Lewchuk et al 2000; Cioppa et al 2000; Cioppa et al 2001; Cioppa 
2002; and Cioppa 2003). Paleomagnetic studies have traditionally been conducted on 
oriented samples from outcrop. The lack o f oriented core prohibited its use in 
paleomagnetic studies until recently. Orienting core can be done using either viscous or 
characteristic remanent magnetizations (Lewchuk et al. 1998; Lewchuk et al 2000). The 
details of the techniques are discussed later within the methods and principles section.
Remagnetization - the alteration of the original magnetization by thermal, 
chemical or other processes - has been recognized during the Paleozoic on the North 
American Craton (McCabe et al. 1989). A number o f studies have recognized the 
presence of remagnetization within carbonate rock within the Appalachian basin 
(McCabe & Elmore 1989; McCabe et al. 1989; Elmore et al. 2001; Evans et al. 2001) 
with one specific example conducted on Trenton limestone (Jackson 1990, revisited in 
Jackson and Worm 2001). McCabe et al. (1989) strongly argue the case o f a 
predominantly chemical rather than thermal remagnetization in the Appalachian; based 
on regionally low conodont color alteration index values and existing geochemical data. 
Conodont index values are both time and temperature dependent and reflective o f thermal 
history, with low index values representing low temperature and high index values 
representing high temperature. A predominantly chemical remagnetization has been
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suggested for regional studies but thermal can not be excluded on the local scale o f our 
study where hot fluids may have penetrated (Colquhoun and Trevail 2000; Ziegler and 
Longstaffe 2000).
1.3 Principles of Paleomagnetism
Principles
Paleomagnetism -The study o f  natural remanent magnetization in order to 
determine the intensity and direction o f  the earth’s magnetic fie ld  in the 
geological past. (Bates and Jackson 1984)
There are three fundamental principles of paleomagnetism that must be described; 
1) time averaged dipole geomagnetic axial model, 2) magnetic minerals, and 3) apparent 
polar wander path. The time averaged dipole geomagnetic axial model (Figure 1.12) is 
the principle that over geological time the earth’s magnetic field, which is modeled as a 
dipole, coincides with the geographic poles. Measurements o f the Earth’s magnetic field 
at specific latitudes will have a characteristic inclination, given by the formula tan I  = 
2tan X, where I  is the paleoinclination and X is the paleolatitude, with declination being 
directed towards north. Lines of equal I  are parallel to the lines o f paleolatitude and are 
simply related through the above equation.
Although nearly every mineral has some response to a magnetic field, few 
minerals retain that response once the field is removed. The exception to this is a number 
of iron-bearing minerals e.g. magnetite, hematite and pyrrhotite, which can carry a 
remanent magnetization -  a permanent record of the magnetic field at the time of rock
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formation or at the time o f significant tectonic or diagenetic events. The record o f the 
magnetic field in the magnetic minerals can be observed through the paleomagnetic 
methods discussed below.
At any point during the process o f plate tectonics - the movement o f the Earth’s 
crust- new rock can be formed, the magnetic minerals in a rock can be remagnetized (the 
direction reset), or a new magnetic mineral formed that carries the ambient Earth’s 
magnetic field. Thus, the characteristic inclination and declination for that point in time 
and space will be recorded in the rock. It is important to note that the magnetic poles 
remain stationary (an assumption of the geocentric axial dipole model) and that the 
continents shift through time. However, geophysicists counter-intuitively display this 
movement as an apparent polar wander path where the plate remains fixed and the 
apparent movement o f the pole is plotted as a moving path (Figure 1.13).




Spherical depiction o f a dipole geomagnetic axial model. Symbols are defined in
the text.




North American reference apparent polar wander path. (Van der Voo 1993)
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1.3.1 Magnetization and Remanence
Natural remanent magnetization is the remanent magnetization preserved in a 
specimen prior to any laboratory treatment. The natural remanent magnetization is 
acquired during rock formation and throughout the history o f the rock. It is the sum total 
o f all magnetic field components carried in the magnetic minerals present. Natural 
remanent magnetization is typically composed of more than one component; the primary 
component is acquired during rock formation, one or more secondary components can be 
acquired subsequent to rock formation and can alter or obscure the primary natural 
remanent magnetization.
There are three varieties o f primary natural remanent magnetization: 1) thermal 
remanent magnetization, 2) chemical remanent magnetization, 3) detrital remanent 
magnetization. Cooling a magnetic mineral from above its Curie temperature, where 
magnetization is decreased to zero, in the presence o f a magnetic field, produces a 
thermoremanent magnetization. Magnetic minerals at temperatures above the Curie point 
are unstable and can not hold a magnetization direction. Thermal remanent magnetization 
is predominant in igneous rocks. Chemical remanent magnetization (CRM) forms as a 
result o f either alteration or precipitation of a mineral crystal in a magnetic field. At very 
small grain sizes, magnetic minerals cannot retain a magnetization; thus the CRM is 
produced when the magnetic mineral ‘grows’ to the required size. A CRM can be formed 
at any temperature below a magnetic mineral’s Curie point. Detrital remanent 
magnetization is acquired during deposition and lithification o f sedimentary rock as a 
result o f preexisting magnetic minerals settling through the water column and becoming
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aligned with the Earth magnetic field. This alignment is maintained through compaction 
and lithification processes.
1.3.2 Remagnetization
Secondary remanent magnetization is also commonly called remagnetization -  the 
alteration or obscuring (overprinting) o f the primary natural remanent magnetization. 
Modification o f the initial magnetization may result from similar processes to those 
occurring during primary magnetization but these processes postdate the formation of the 
rock. The exception is a viscous remanent magnetization. A viscous remanent 
magnetization is gradually acquired during exposure to a weak magnetic field over a 
prolonged period o f time and results from magnetic grains with low relaxation times 
realigning their magnetization with the ambient magnetic field. Viscous remanent 
magnetization is usually perceived as undesirable noise by geophysicists.
A paragenetic sequence or tectonic history may contain several events that could 
affect the primary magnetization. There are two mechanisms for remagnetization that are 
likely to affect rocks in this study; chemical or thermoviscous remagnetization. Chemical 
remagnetization can be caused by precipitation or dissolution due to solute-rich (brine) or 
freshwater reacting with the rock respectively, and can potentially also be related to 
hydrocarbon migration. There is an established relationship between the presence of 
hydrocarbons and authigenic magnetite (Machel 1995). It has been speculated that the 
reducing event caused by the migration o f hydrocarbons results in increased precipitation 
of magnetite but the theory has not been refined. There is empirical evidence for the
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relationship between the two, but no geochemical mechanism has been described to date 
to explain reducing events. Thermal remanent remagnetization can be caused by burial or 
introduction o f hot fluids. If the rocks reach the Curie temperature, the magnetic mineral 
assemblage loses its ability to retain a remanence and upon cooling, is essentially reset to 
the ambient magnetic field at the time of the new temperature change.
1.3.3 Demagnetization
There are two methods used for demagnetization; 1) alternating field, and 2) 
thermal demagnetization. Alternating field (AF) demagnetization is primarily used to 
identify magnetite and pyrrhotite components. Alternating fields affect the coercivity o f a 
magnetic mineral, and imparts magnetic moments in random directions as the field 
decreases, thus randomizing any direction with coercivities lower that that o f the AF.
The process o f step demagnetization is accomplished by incrementally increasing the 
waveform, or intensity o f the alternating field, on the specimen and recording the 
directions at each step. Thus, magnetic directions with low coercivities are removed first, 
and those with high coercivities are revealed.
Thermal demagnetization is primarily used to separate out hematite and goethite 
components. The procedure o f thermal demagnetization involves heating a specimen in 
zero field in order to erase the magnetization in minerals with Curie temperatures less 
than the specified temperature. Incrementally increasing the temperature allows removal 
of components carried by minerals with specific Curie temperatures, and isolation o f the 
incremental magnetization in specimens. These methods are laboratory-mediated
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
2 9
attempts to eliminate the natural remanence magnetization o f a specimen in the reverse 
order that they were acquired.
1.4 Methods
Recently a number o f publications, primarily sourced out o f the University of 
Windsor, have focused on the integration o f palaeomagnetism with other traditional 
geochemical and petrographic methods for the analyzing o f core (Lewchuk et al. 1998; 
Lewchuk et al 2000; Cioppa et al 2000a; Cioppa et al 2001; Cioppa 2002; and Cioppa 
2003), in order to define specific diagenetic events and provide age control on 
paragenetic sequences for specific hydrocarbon reservoirs. Paleomagnetic studies have 
traditionally been conducted on oriented samples from outcrop, and in the process of 
working with unoriented core, paleomagnetic methods have been developed to orient 
such core through the use o f either viscous or characteristic remanent magnetizations 
(Lewchuk et al. 1998; Lewchuk et al 2000; Cioppa et al. 2000b). Symons and Cioppa 
(2002) developed a method to estimate the minimum unblocking temperature necessary 
for a magnetization component to have been unaffected by a heating event, given a 
specific CAI value. Consequently, the use o f CAI versus Tub plots combined with 
detailed CAI values, remagnetization unblocking temperatures and knowledge of the 
magnetic remanence carriers, permits the influence (if any) o f a thermoremnant 
remagnetization to be determined.
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1.4.1 Sampling
All samples were taken from four vertical wells drilled by Consumers’ Gas 
Company Ltd. et al. in southwestern Ontario, and represent two oil producing wells from 
each o f the Hillman and Goldsmith-Lakeshore pools respectively (Figure 1.11). Each 
core records almost the complete Trenton Group with a thickness o f 55 meters. 
Continuous segments o f vertical core are identified from the whole core and marked with 
an arbitrary master orientation line to allow orientation o f individual plugs. The number 
of plugs required is based on facies variation encountered within each core. Statistical 
representations from each facies were sampled. Plugs are drilled perpendicular to the core 
face and core axis and their orientation relative to the master orientation line recorded. At 
least one standard sized specimen was then cut from each plug (2.54 cm diameter by 2.20 
cm height cylinders). A total o f 425 specimens were extracted from 95 segments.
1.4.2 Storage
Specimens are stored in a shielded room, with an ambient magnetic field of less 
than lOOnT, allowing the unstable viscous remanent magnetization to decay. The least 
stable component is likely to be the one acquired while in storage subsequent to drilling 
(Lewchuk et al. 1998). The specimens are continually stored within a shielded room 
throughout the paleomagnetic data acquisition procedures in order to limit exposure to 
uncontrolled magnetic fields.
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1.4.3 Natural Remanent Magnetization
The natural remanent magnetization was measured prior to any analysis, firstly in 
order to establish if  the specimen contained measurable magnetization, and secondly to 
identify drilling induced magnetization, which would be parallel to the core axis. The 
natural remanent magnetization, the initial intensity o f the specimen when it enters the 
laboratory, was used as a base line in order to monitor the level and rate of 
demagnetization.
1.4.4 Demagnetization
The majority o f specimens were thermally demagnetized from 100°C to 450°C in 
at least 17 sequential steps using a Magnetic Measurements MMTD-1 thermal 
demagnetizer. Thermal demagnetization was stopped when the remanence was below the 
noise level on the 2-G, or when the measurements indicated significant chemical 
alteration in the samples. Selected specimens were subjected to AF demagnetization over 
at least 15 steps up to a peak field o f 120mT using a Sapphire Instruments SI-4 
demagnetizer.
1.4.5 Rock Magnetism
On a representative population from duplicate core plugs, a number o f different 
rock magnetic techniques were used to compare directional results and determine 
magnetic mineralogy and granulometry. Differentiated anhysteretic remanent 
magnetization (ARM, Dunlop 1972) or partial ARM (pARM, Jackson et al. 1988) spectra 
were measured, following AF demagnetization, using the Sapphire Instruments SI-4
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3 2
demagnetizer equipped with an ARM coil. The pARM was obtained by applying a DC 
biasing field o f 0.05 A in 10 mT steps from 0 to 100 mT in combination with a AF field 
of lOOmT. Isothermal remanent magnetization (IRM) acquisition paths were measured by 
progressively magnetizing the specimen in an increasing DC field up to a maximum of 
900mT in 16 steps using a Sapphire Instruments SI-6 pulse magnetizer. The specimen 
was then demagnetized in to 120mT in 9 steps.
Two difference reverse intensity S-ratios, Sioo-ratio(-IRMo,n/SIRM) and S 3 0 0 -  
ratio (-IRMo.3 t/SIRM) were determined by applying a saturating field in one direction 
and then reversing the sample and applying either a 0.1T or 0.3T field respectively, using 
a pulse magnetizer (Stober and Thompson, 1979). The IRM-backfield parameters (S- 
ratios) indicate the abundance o f high-coercivity antiferromagnetic phases present in a 
specimen. Finally, representative specimens from each o f the four wells underwent 
saturation acquisition in a single direction to 1200mT using a pulse magnetizer. The 
characteristic unblocking temperatures were determined by thermal step demagnetization, 
using a thermal demagnetizer, through closely spaced temperature intervals on either 
sides of the suggested magnetic mineral’s Curie temperature.
1.4.6 Component Analysis
A multivariate technique o f principal component analysis can be used to estimate 
colinear and coplanar components of the best least-squares fit along the demagnetization 
path o f a paleomagnetic specimen (Kirschvinck 1980), and thus eliminate the need for 
complicated vector subtraction, vector path and remagnetization circles. The use of
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Kirschvinck’s (1980) method, allows for the determination o f unique directional and 
magnetic components even when the vector path does not follow a sharp linear path. 
Most components were defined over three or more demagnetization steps and all had a 
maximum angular deviation o f <11.0°. The segment means were calculated using Fisher 
(1953) statistics. Once a statistically significant distribution has been identified, the 
results were compared against the apparent polar wander path for the study area (Van der 
Voo, 1993).
1.4.7 Magnetization Unblocking Temperature
Remanence vector components were used as constraints to determine the 
magnetization unblocking temperature (M ub)- Most components were defined over three 
or more demagnetization steps. The M ub was defined as the mean temperature through 
the transition arc between components for each segment. Results were compared on 
either the appropriate 7\jb-C A I plot (Symons and Cioppa 2 0 0 2 ).
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II. Late Paleozoic Remagnetization of the Trenton Formation in Ordovician 
Petroleum Reservoirs of Southwestern Ontario
2.1 Introduction
Oliver (1986) was the first to popularize the notion o f remagnetization events 
being linked to large-scale fluid migration. Numerous studies have recognized the 
remagnetization o f carbonate rocks from northeastern USA (eg. McCabe et al. 1989; 
Stamatakos et al 1996; McCabe et al. 1998; Elmore et al. 2001), and several studies have 
recognized this remagnetization in Ordovician Trenton Group carbonates from both 
Michigan and New York states (Suk et al. 1993; McCabe et al. 1984). The Michigan 
study sampled vertically cored wells from dolomitized reservoir rock but the specimens 
are from the Michigan Basin as opposed to the Appalachian Basin where this study takes 
place. Specimens collected from various limestone outcrops o f northwestern New York 
State, although from the same basin as this study, reflect regional limestones and not 
dolomitized reservoir rock. Although the observed remagnetization occurs in multiple 
stratigraphic units with different dominant magnetic assemblages during a narrow period 
o f time, the remagnetization has a pervasively late Paleozoic direction. This late 
Paleozoic direction corresponds with the Alleghanian Orogeny during the Kiaman 
reversed polarity superchron.
In southwestern Ontario, core available from petroleum exploration activities is 
the majority o f the described Trenton Group sections. Examination o f this core may 
supply continuity between the Michigan and New York state studies. In addition, when
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using core from hydrocarbon reservoirs, the potential exists that authigenic magnetite 
related to the presence/migration o f hydrocarbons may be present. Dolomitized structures 
in the Trenton Group have been the subject o f numerous hydrocarbon exploration 
projects (Carter et al. 1996). Thermal demagnetization studies o f samples from several 
producing hydrocarbon reservoirs in southwestern Ontario are aimed at exploring for 
potentially stable paleomagnetic components. The primary goal o f this research is to 
determine if such a magnetic signal could be isolated from the chemical and/or 
thermoviscous remagnetization associated with Alleghanian orogenic fluid flow (Elmore 
et al. 1987; McCabe et al. 1987).
2.2 Methodology and Well Description
Four cores from vertical wells drilled by Consumers’ Gas Company Ltd. et al. in 
southwestern Ontario represent the central regions o f the two oil producing reservoirs that 
have been examined (Figure 2.1): 1) 33821 (Mersea Twp., trac. 3, lot 12, con. I), 2)
33823 (Mersea Twp., trac.l, lot 12, con. A), 3) 34151 (Mersea Twp., trac. 7, lot 18, con. 
VIII), 4) 34160 (Romney Twp., trac. 5, lot 8 , con. II). Each core contains almost the 
complete 55 m thickness o f the Trenton Group. The lithofacies in the examined wells are 
predominantly graded skeletal carbonate wackstone to mudstone with minor scattered 
skeletal-pelletal packstone to grainstone. Reservoir lithofacies are similar to the regional 
Trenton limestone descriptions (Wilson 1946; Liberty 1969), except that they are 
preserved mainly as dolomite with a few thin limestone layers. It is a common 
exploration practice in Ontario to target such dolomitized regions for oil and gas
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production. The pool’s structural trend is north-west, parallel to other reservoirs in the 
area (Sanford et al 1985).
A complete description of the paleomagnetic sample collection methods from 
core is given by Cioppa et al. (2000). The number o f specimens sampled per segment 
(Table 2.1) was less in this project than the suggested practice for core orienting methods 
because o f the limited availability o f long segments o f continuous core. Measurement 
and demagnetization instruments are housed in a magnetically shielded laboratory at the 
University o f Windsor with an ambient magnetization intensity o f less than 1 per cent o f 
the Earth’s magnetic field. An automated vertical-axis 2-G Enterprises DC-SQUID 
magnetometer, with a sensitivity o f about 2x1 O' 6 A/m for a standard paleomagnetic 
specimen, was used to measure the natural remanent magnetization (NRM). Specimens 
were thermally demagnetized from 100°C to 450°C in at least 17 sequential steps using a 
Magnetic Measurements MMTD-1 thermal demagnetizer. Remanence vector components 
for each specimen were obtained using the least-squares analysis method of Kirschvink 
(1980). Most components were defined over three or more demagnetization steps and all 
had a maximum angular deviation of <11.0°. Although non-Fisherian distributions were 
observed, the application o f Fisher (1953) statistics provides an accurate approximation 
to calculate component means for each segment.









C an ad a
United S tates
Figure 2.1
Location o f Ordovician reservoirs (shaded), and the four petroleum wells sampled 
in southwestern Ontario.
(with permission o f  the Ontario Oil, Gas and Salt Resources Library).
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Table 2.1 Well Data
Well Depth (m) Sg. Sp.
1 7 6 8 -8 1 8 14 53
2 7 6 5 -8 1 8 18 98
3 8 1 3 -8 6 4 31 126
4 801 -8 3 7 2 0 119
Notes. Wells 1,2,3,4 are identified in 
Figure 2.1. Sg. -  number o f  segments. 
Sp. -  number o f  specimens.
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2.3 Results and Analysis
The NRM intensity typically ranges between 8x1 O' 3 A/m and 8x l0 "4  A/m, 
irrespective o f lithofacies. Thermal demagnetization revealed three components (Figure 
2.2). The first o f two low-temperature components defines a viscous remanent 
magnetization (VRM) between 100°C to 270°C. NRM directions from below 100°C are 
susceptible to, and a probable product of, spontaneous viscous remagnetization. The 
second lower temperature component (VRMdi) occurs through the same temperature 
range as VRM but is probably a drilling-induced magnetization. The high temperature 
component or characteristic remanent magnetization (ChRM) is defined between 290°C 
and 450°C, with measurements over 450°C becoming random. The intensity o f the 
ChRM is approximately 70% of the NRM intensity.
The inclination values of the VRM are positive and vary from 67° to 80° with a 
mean o f 74.5°. This is in reasonable agreement with the present Earth’s magnetic field 
(PEMF) inclination o f 70° (at the site location 42.07°N and 82.51°W). Approximately 
60% of all segments are composed o f only VRM and ChRM components (Figure 2.2a) 
and thus the segments can be azimuthally oriented. The remaining segments contain the 
VRMdi component, having almost vertical inclinations (>80°), a likely result from coring 
(Pinto and McWilliams 1990) (Figure 2.2b).
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Non-azimuthally oriented orthogonal demagnetization plots (Zijderveld 1967)for 
representative specimens from the Ontario Trenton Group with (a) only VRM and ChRM 
components; (b) VRMdi, VRM and ChRM components. Triangles indicate projection in 
vertical plane; circles indicate projection in horizontal planes.
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The ChRM components show a remarkably constant distribution o f shallow 
upward inclinations when plotted about an equal-area stereoplot (Figure 2.3a). Although 
segments containing VRMdi cannot be used for orientation (Figure 2.3b), a paleolatitude 
arc can be determined using the mean ChRM inclination (1= -9.0, n= 3 5 , 0195= 3.0) with 
variable declinations (90° to 220°). The mean direction from segments that could be 
azimuthally corrected is D = 152.3°, I = -12.3° (0195 = 8.7; N = 49; k = 6.48).
The corresponding paleomagnetic pole is located at 46.5°N, 139.7°E (dp = 4.5; 
dm = 8.9). When plotted on the North American apparent polar wander path (APWP, 
Van der Voo 1993), this paleopole is just off the Early Permian pole, while the 
paleolatitude arc passes through this paleopole at the entire Permian and Early Triassic 
portions o f the path (Figure 2.3d).













Equal-angle stereograph o f (a) segment mean ChRMs, unoriented ; (b) segment 
mean ChRMs, using VRM orientation; (c) segment mean ChRMs for segments with the 
VRMdi component; and, (d) apparent polar wander path for the North American craton 
from Van der Voo (1993) for the Cambrian through Tertiary. TP indicates the location of 
the Ontario Trenton paleopole. MI indicates the location of the Michigan Trenton 
paleopole. NY indicates the location o f the New York Trenton paleopole. PL specifies 
the paleolatitude arc about the site location. Open (solid) circles indicate negative 
(positive) inclinations.
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2.4 Discussion and Conclusions
The low temperature components in this study were significantly affected by a 
drilling-induced remagnetization, and thus accurate orientation o f the higher temperature 
components using the VRM method was affected more by the presence o f drilling- 
induced magnetization than by any statistical or methodological errors. The drilling- 
induced magnetization may coexist with the observed VRM component resulting in the 
increased potential o f a declination error for the ChRM.
The paleopole determined in this study is similar to paleopoles found for 
Ordovician Trenton carbonates from the Michigan Basin (52.4°N, 111 .0°E, dp=3.9°, 
dm=7°; Suk et al. 1993) and New York State(53.0°N, 127.0°E, dp=1.8°, dm=3.9°; 
McCabe et al. 1984), and is intersected by the paleolatitude arc for the inclination-only 
mean. Although this paleopole from the Ontario carbonates falls closer to the Trenton 
paleopole o f New York than Michigan, we cannot make a firm conclusion because o f the 
uncertainty introduced by the drilling induced magnetization. A minor “rotation” of the 
Ontario Trenton paleopole along the paleolatitudinal arc can result in a direction that 
agrees with any pole that falls between Early Permian to Early Triassic.
It is clear from the thermal demagnetization results that the age o f the 
remagnetization in the Ontario Trenton carbonates correlates with the late Paleozoic 
Alleghenian Orogeny. This is the latest event recorded, and so far the results show that it 
completely replaces any older component.
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III. Remagnetizations in Ordovician Petroleum Reservoirs, Ontario
3.1 Introduction
Isotopic and petrogenetic studies along unconformities, which may be fluid 
conduits, have identified at least two large-scale fluid migration events associated with 
Precambrian, Cambrian and Paleozoic units (Duffin 1989; Harper et al 1995; Ziegler and 
Longstaffe 2000). Using their own and previously examined isotopic data from both 
secondary illite and K-feldspar, Ziegler and Longstaffe (2000) summarized the 
established ages for authigenic mineralization in Precambrian, Cambrian and Ordovician 
rocks as related to known episodes o f orogenesis.
Numerous studies have recognized a major Alleghanian Orogeny-associated 
Permian-age remagnetization o f carbonate rocks from northeastern USA (eg. McCabe 
and Elmore 1989; Stamatakos et al 1996; McCabe et al. 1998; Elmore et al. 2001), and 
several studies have recognized this remagnetization in Ordovician Trenton Group 
carbonates from both Michigan and New York states (McCabe et al. 1984; Suk et al. 
1993; Jackson and Worm 2001). Although the observed remagnetization occurs in 
multiple stratigraphic units with different dominant magnetic assemblages, very similar 
late Paleozoic paleomagnetic directions are observed throughout most o f the stratigraphic 
sequence. Elmore et al (1994) associated authigenic K-feldspars with magnetization ages 
in his paleomagnetic study o f Cambro-Ordovician Royer Dolomites in the Arbuckle 
Mountains, southern Oklahoma, and this association of the pervasive Late Paleozoic
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magnetization with dolomite and abundant authigenic K-feldspars is now widely 
accepted.
Recently, a number o f publications, primarily conducted out o f the University of 
Windsor, have focused on the integration o f palaeomagnetism with other traditional 
geochemical and petrographic methods for the analyzes of core (Lewchuk et al. 1998; 
Lewchuk et al 2000; Cioppa et al 2000a; Cioppa et al 2001; Cioppa 2002; and Cioppa 
2003), in order to define and date specific diagenetic events and provide age control on 
paragenetic sequences for specific hydrocarbon reservoirs. Paleomagnetic studies have 
traditionally been conducted on oriented samples from outcrop, and in the process of 
working with unoriented core, paleomagnetic methods have been developed to orient 
such core through the use o f either viscous or characteristic remanent magnetizations 
(Lewchuk et al. 1998; Lewchuk et al 2000; Cioppa et al. 2000b).
Dolomitized structures in the Trenton Group have been the subject o f numerous 
hydrocarbon exploration projects (Carter et al. 1996) (Figure 3.1). In southwestern 
Ontario, core available from petroleum exploration activities makes up the majority of 
this described Trenton Group sections. Examination o f these cores may supply continuity 
between the previous Michigan and New York state studies. In addition, when using core 
from hydrocarbon reservoirs, the potential exists that authigenic magnetite related to the 
presence/migration o f hydrocarbons may be present. A genetic relationship between 
authigenic mineralization in the lower Cambrian units and those in the Ordovician
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Trenton Group via a fault/fracture system has been suggested by Ziegler and Longstaffe 
(2000).
The aim o f this paleomagnetic and rock magnetic study, o f samples collected 
from four producing hydrocarbon reservoirs in southwestern Ontario, is to constrain the 
timing o f various diagenetic events in a previously-determined paragenetic sequence. 
Based on petrographic textural relationships and their association to hydrocarbon 
generation Colquhoun (1991) has summarized the paragenetic history o f all the 
diagenetic processes in the Trenton Group (Figure 3.2). This study focuses on specific 
local features in order to understand the potential links between dolomitization, the 
presence o f hydrocarbons, hydrocarbon migration and chemical and/or thermo-viscous 
remagnetization and the overall connection o f these factors with larger scale basinwide 
fluid flow (Elmore et al. 1987; McCabe et al. 1987). In addition to stable paleomagnetic 
directions, rock magnetic information will be collected in order to examine its use for 
differentiation of diagenetic features and events, which may allow a better resolution of 
timing to the existing paragenetic history.















Location of Ordovician reservoirs (shaded) for this study. The four petroleum wells 
sampled in southwestern Ontario are indicated by numbered points.
(with permission o f  the Ontario Oil, Gas and Salt Resources Library).
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Limestone Diagenesis 












Equant Blocky Calcite 
Pyrite/Celestite
Figure 3.2
Paragenetic sequence for Trenton Group carbonates as defined from the wells sampled. 
The shaded bars represent observed hydrocarbon emplacement (black = 100% of the 
time, light grey = 25% of the time) (modified from Colquhoun 1991).
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3.2 Reservoir Descriptions
The Ordovician Trenton Group of Ontario is composed o f three formations: (in 
ascending order) the Kirkfield, Sherman Fall, and Cobourg formations. The group is 
overlain by the Collingwood Shale and underlain by the Black River Group. The 
lithofacies in the examined wells are predominantly graded skeletal carbonate wackstone 
to mudstone with minor scattered skeletal-pelletal packstone to grainstone. The reservoir 
lithofacies are similar to the regional Trenton limestone descriptions (Liberty 1969; 
Colquhoun and Trevail 2000), except that the mode of preservation consists mainly of 
dolomite with a few thin limestone layers. It is a common exploration practice in Ontario 
to target such dolomitized regions for oil and gas production. Four cores have been 
examined from vertical wells drilled by Consumers’ Gas Company Ltd. et al. in 
southwestern Ontario represent two oil producing wells from each o f the Hillman and 
Goldsmith-Lakeshore pools respectively (Figure 3.1): 1) 33821 (Mersea Twp., trac. 3, lot 
12, con. I), 2) 33823 (Mersea Twp., trac.l, lot 12, con. A), 3) 34151 (Mersea Twp., trac. 
7, lot 18, con. VIII), 4) 34160 (Romney Twp., trac. 5, lot 8 , con. II). The pool’s structural 
trend is north-west, parallel to other reservoirs in the area (Stanford et al 1985).
3.3 Methods
A complete description o f the sample collection methods from core is given by 
Cioppa et al. (2000b). Measurement and demagnetization instruments are housed in a 
magnetically shielded laboratory at the University o f Windsor with an ambient 
magnetization intensity o f less than 1 per cent o f the Earth’s magnetic field. An
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automated vertical-axis 2-G Enterprises DC-SQUID magnetometer, with a sensitivity of 
about 2x1 O' 6 A/m for a standard paleomagnetic specimen, was used for all remanence 
measurements.
The majority o f specimens were thermally demagnetized from 100°C to 450°C in 
at least 17 sequential steps using a Magnetic Measurements MMTD-1 thermal 
demagnetizer. Thermal demagnetization was stopped when the remanence was below the 
noise level on the 2-G, or when the measurements indicated significant chemical 
alteration in the samples. Selected specimens were subjected to AF demagnetization over 
at least 15 steps up to a peak field o f 120mT using a Sapphire Instruments SI-4 
demagnetizer.
On a representative population from duplicate core plugs, a number o f different 
rock magnetic techniques were used to compare directional results and utilized to 
determine magnetic mineralogy and granulometry. Differentiated anhysteretic remanent 
magnetization (ARM, Dunlop 1972) or partial ARM (pARM, Jackson et al. 1988) spectra 
were determined, following AF demagnetization, using the Sapphire Instruments SI-4 
demagnetizer equipped with an ARM coil. The pARM was obtained by applying a DC 
biasing field o f 0.05 A in 10 mT steps from 0 to 100 mT in combination with a AF field 
o f lOOmT. Isothermal remanent magnetization (IRM) acquisition paths were measured by 
progressively magnetizing the specimen in an increasing DC field up to a maximum of 
900mT in 16 steps using a Sapphire Instruments SI- 6  pulse magnetizer. The specimen 
was then demagnetized in to 120mT in 9 steps. Two different reverse intensity S-ratios,
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Sioo-ratio(-IRMo.ir/SIRM) and S3 oo-ratio ( -IR M ojt/S I R M ) were determined by applying a 
saturating field in one direction and then reversing the sample and applying either a 0 .1 T 
or 0.3T field respectively, using a pulse magnetizer (Stober and Thompson, 1979).
Finally, to determine relative concentrations o f magnetic minerals, representative 
specimens from each o f the four wells underwent saturation acquisition in a single 
direction to 1200mT using a pulse magnetizer. The characteristic unblocking 
temperatures were determined by thermal step demagnetization, using a thermal 
demagnetizer, through closely spaced temperature intervals on either sides of the 
suggested magnetic mineral’s Curie temperature.
Remanence vector components for each specimen were obtained using the least- 
squares analysis method of Kirschvink (1980). Most components were defined over three 
or more demagnetization steps and all had a maximum angular deviation o f <11.0°. The 
segment means o f the four populations were calculated using Fisher (1953) statistics.
3.4 Results
3.4.1 Paleomagnetic Directions
A comparison between the AF and thermal demagnetization results conducted on 
twinned specimens from same plug revealed good agreement in directions (Figure 3.3a 
and b). Analysis o f the demagnetization results revealed three components (Figure 3.3 c). 
The first o f two low-temperature/intensity components defines a viscous remanent 
magnetization (VRM) between 100°C to 270°C and 5 to 20mT and resides in both
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pyrrhotite and magnetite. Directions from below 100°C and 5mT are susceptible to, and a 
probable product of, spontaneous viscous remagnetization. The second lower 
temperature/intensity component (VRMdi) occurs through the same range as VRM but is 
probably a drilling-induced magnetization. The high temperature/intensity component or 
characteristic remanent magnetization (ChRM) is defined between 290°C to 450°C and 
60 to 120mT, with thermal demagnetization measurements over 450°C becoming 
random. ChRM polarities are almost exclusively reversed, thus suggesting an association 
with the Kiaman superchron. The intensity o f the ChRM is approximately 70% of the 
NRM intensity and resides in magnetite.
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Non-azimuthally oriented orthogonal demagnetization plots (Zijderveld 1967) for 
representative specimens (a) AF demagnetized (Specimen #016901) (b) thermally 
demagnetized (Specimen #014901) (c) displaying three components (Specimen 014902): 
VRM - viscous remanent magnetization, VRMdi - drilling-induced magnetization, ChRM 
- characteristic remanent magnetization. Triangles indicate projection in vertical plane; 
circles indicate projection in horizontal planes.
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The inclination values o f the VRM are positive and vary from 67° to 80° with a 
mean o f 74.5°. This is in reasonable agreement with the present Earth’s magnetic field 
(PEMF) inclination o f 70° (at the site location 42.07°N and 82.51°W). Approximately 
60% of all segments are composed o f only VRM and ChRM components and thus the 
segments can be azimuthally oriented. The remaining segments contain the VRMdi 
component, having almost vertical inclinations (>80°), a likely result from coring (Pinto 
and McWilliams 1990). VRM is constrained to below 290°C and therefore probably 
resides in a pyrrhotite/magnetite mix.
Whereas Gamer and Cioppa (in press) were only able to discriminate a single 
characteristic remanent magnetization (ChRM) direction of D = 152.3°, I = -12.3° (N = 
49, 0 9 5 = 8.7) in specimens, this study was able to discriminate four separate ChRM 
populations based on rock magnetic properties and lithology (Figure 3.4). The first 
population (Hs) was defined by segments containing or in close proximity to hydrocarbon 
residue and displayed random directions with no identifiable stable ChRM components. 
Segments with oil staining only represented 4% of the segment population.







Equal-angle stereographs o f Ds (circles) unoriented segment means ChRMs; Cs 
(squares) oriented segment means; Ls (triangles) oriented segment means. * = Lsitd 
population. Open (solid) symbols indicate negative (positive) inclinations.
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The second population (Ds) contains the majority o f the segments (74%), was 
comprised o f dolomitized rocks, and displayed non-Fisherian distributions when 
azimuthally oriented using the VRM to coincide with the PEMF and thus provides only a 
mean segment inclination (1= -10.2, n= 70, 0195= 1.6). The effects o f drilling-induced 
magnetization coexisting with the observed viscous component used for core orientation 
increased the declination scatter and limited the accuracy of segment ChRM, a likely 
result from coring (Pinto and McWilliams 1990).
Only well 2 contains the third population (Ls), which was isolated in a five 
segment interval o f limestone lithology. A limited limestone population (Lsitd) represents 
a smaller, more closely associated group (Figure 3.4). As the VRM was used for 
orientation o f these samples, the oriented ChRM segment means for this population are 
shown in Table 3.1. Although the ChRMs from limestone segments did not display good 
Fisherian distributions, the application of Fisher (1953) statistics provides an accurate 
approximation to calculate component means o f both D = 172.2°, I = -0.1° (0 1 9 5  = 33.5; N 
= 5; k -  6.18) and D = 149.3°, I = 1.0° (a9 5  = 16.6; N = 3; k = 56.2) for Ls and Lsud 
respectively.
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Table 3.1 Oriented magnetization means for Ls and Cs populations
Population Well Sg. Depth Sp. ChRM
D(°) m a 95 (° ) k
Ls 2 1 798.2 2 210.5 -5.8 7.4 1138.9
2 2 798.9 6 160.5 1.5 5.4 156.54
2 3 802.4 14 139.2 2.4 3.2 151.31
2 4 807.5 12 204.8 3.1 9 24.26
2 5 810.3 7 148.2 -0.9 3.8 255.63
Mean - 5 172.2 -0.7 33.5 6.18
Cs 1 1 783.3 3 182.9 -14.2 31.1 16.74
2 1 770.2 4 184.4 -4.7 3.7 625.88
2 2 776.0 3 178.5 -10.3 5.8 447.12
2 3 778.7 8 196.2 -3.5 11 26.54
2 4 784.8 4 173.1 -12.7 17.4 4
2 5 798.1 2 189.1 -8.4 29.2 75.24
3 1 817.1 4 176.6 -14.9 3.3 761.73
3 2 823.9 5 177.9 -9.7 8.7 78.6
3 3 843.4 3 183.5 -10.6 10.4 141.26
4 1 812.2 4 185.9 -10.5 2.2 4
4 2 812.3 1 185.3 -14.4 - -
4 3 832.9 11 185.9 -9.5 3.1 11
Mean - 12 183.3 -10.4 3.8 130.71
Notes. W ells 1,2,3,4 are identified in Figure 3.1. Sg. -segm ent. Sp. -  number o f  specimens.
D  -  declination. I -  inclination. 0 9 5  -  radius o f  cone o f  95% confidence, k -  precision parameter 
o f  Fisher (1953).
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The final and fourth population (Cs) of ChRMs occurs in association with fracture 
filling blocky to dogtooth calcite and replacement dolomite, and could be oriented using 
the VRM technique; the oriented ChRM segment means for this population are shown in 
Table 3.1. The ChRMs from fracture filled segments displayed good Fisherian 
distributions with minor scatter and thus the mean segments direction is D = 183.3°, I = - 
10.4° (a95= 3.8; N = 49; k =  130.71).
Paleopoles could not be calculated for the Hs and Ds populations due to the 
problems mentioned previously, but the inclination-only mean o f the Ds population 
produced a paleolatitude arc by using the mean inclination (1= -10.2, n= 70, 0195= 1.6) 
with variable declinations, from 90° to 220°, that passes through the entire Permian and 
Early Triassic portions o f the North American apparent polar wander path (APWP, Van 
der Voo 1993) (Figure 3.5). The paleomagnetic pole associated with the limestone 
lithology (Ls) is located at 47.4°N, 109.0°E (dp = 16.8°; dm = 33.5°) while Lsud is 
located at 39.2°N, 138.7°E (dp = 8.3°; dm = 16.6°). These paleopoles plot on either side 
o f the Early Permian section o f the APWP (Figure 3.5).The pole from Cs is located at 
53.1°N, 92.0°E (dp = 1.9°; dm = 3.8°) and plots squarely on the Triassic portion o f the 
APWP (Figure 3.5).







'l td  ♦,
180'
Figure 3.5
Apparent polar wander path for the North American craton from Van der Voo (1993) for 
the Cambrian through Tertiary. Cs = fracture fill population paleopole. Ls = limestone 
population paleopole. Lsitd = limited limestone population paleopole. Mi = Michigan 
Trenton paleopole (McCabe et al. 1984). Ny = New York Trenton paleopole (Suk et al. 
1993). Ds = dolomitized rock paleolatitude arc about the site location.
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3.4.2 Rock Magnetism
The population distribution determined from demagnetization suggested that rock 
magnetic parameters might be useful in discriminating between specimens containing the 
different ChRM components. Therefore, a number o f rock magnetic tests were used to 
examine this possibility.
Specimens from all four wells have identical pARM peak values between 30 and 
40mT, and these correspond to magnetite grains ranging from 1 to 2 microns in size 
(Jackson et al. 1998) (Figure 3.6). However, persistent large tails in the high field portion 
o f all the curves indicate the additional presence of finer grain magnetic material in the 
specimens. Only a few specimens with visible porosity had a bias towards the lower field, 
larger grain size portion o f the curve (Figure 3.6).
Comparison o f the IRM acquisition and demagnetization curves to standard 
templates (Symons and Cioppa, 2000) indicates a combination magnetic mineral carrier 
in these carbonates. Review o f the templates indicates predominantly single domain (SD) 
to pseudosingle domain (PSD) pyrrhotite mineralogy with the exception for specimen 
observed to have abundant porosity or calcite filled fractures. Specimens observed in 
close proximity to porous and fracture feature appear to be skewed towards multidomain 
(MD). Although on the whole each well displays similar, predominantly pyrrhotite, 
domain preference there are unique characteristics related to each reservoir.







1 0 040 50 60
H (mT)
Figure 3.6
Partial anhysteretic remanent magnetization spectra for samples from all four wells.
(after Jackson et al. 1988).
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The Hillman pool (wells 1 and 2) represents the most complicated combination of 
magnetic mineral carriers (Figure 3.7). The effect o f mixed grain size o f magnetite 
increases the slope response, up to ~300mT, when fitted to the pyrrhotite template.
Above 300mT magnetite no longer contributes to the curve and pyrrhotite characteristics 
cause the curve to level off. In addition to the mixed population o f pyrrhotite and 
magnetite, hematite influences the acquisition curves greatly. Well 1 from the Hillman 
pool was most affected by the presence o f the high coercivity o f hematite as displayed by 
the curve transgression towards hematite acquisition values and the distinctive “bump” at 
~50mT where hematite response begins to contribute to the curve. A single specimen 
observed in well 2 demonstrated characteristics much more dominated by hematite. The 
mixed hematite influence begins above ~50mT on the SIRM acquisition and decay 
curves. Above ~300mT, when magnetite no longer contributes to the curve, evidence for 
pyrrhotite and hematite is present.
The Goldsmith-Lakeshore pool (wells 3 and 4) are more tightly defined on the 
pyrrhotite template (Figure 3.8). There are six specimens from well 3 o f the Goldsmith- 
Lakeshore pool related to porosity or calcite filled fractures where acquisition intensities, 
similar to the Hillman pool, begins at about 10% up to lOmT.
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Saturation isothermal remanent magnetization acquisition and demagnetization curves 
plotted on the pyrrhotite type curve (dashed) with hematite type curve (shaded) for the 
Hillman Pool (well 1 (solid) and 2 (dotted)), (modified from Symons and Cioppa, 2000).
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Saturation isothermal remanent magnetization acquisition and demagnetization curves 
plotted on the pyrrhotite type curve (dashed) for the Goldsmith-Lakeshore pool (wells 3 
(solid) and 4 (dotted)). (modified from Symons and Cioppa, 2000).
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Additional rock magnetic results described below are illustrated in down core 
profiles for both the Hillman and Goldsmith-Lakeshore pools respectively (Figure 3.9 
and Figure 3.10), and combined with the correlating lithology, facies and iron content as 
described by Colquhoun (1991). The NRM intensity typically ranges between 8x10" A/m 
and 8x1 O' 4  A/m. There is a subtle increase in NRM values between the Cobourg and 
Sherman Fall formations. The intensity of the NRM value reflects the variation in 
magnetic mineral strength/concentration per specimen through wells. The general trend is 
for intensity to increase with depth for each well, except for specimens related to Hs and 
Cs populations which were elevated above the background trend.
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Figure 3.9
Down core profiles for the Hillman Pool (well 1 (a) and 2 (b)) with the correlating 
lithology, NRM, iron content, SIRMgoomT, Sioo and S3 oo-ratio, intensity at pyrrhotite Curie 
temperature (330°C). L - limestone iron content. D -  dolomite iron content. Ls -  location 
of limestone population. Cs -  location o f fracture fill population. Hs -  location of 
hydrocarbon stain population. mMD -  meters measured depth. Wells 1 and 2 are 
identified in Figure 3.1.
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Down core profiles the Goldsmith-Lakeshore pool (well 3 (a) and 4 (b)) with the 
correlating lithology, N R M ,  iron content, S I R M 9oom T, S i o o  and S3 oo-ratio, intensity at 
pyrrhotite Curie temperature (330°C). D -  dolomite iron content. Ls -  location of 
limestone population. Cs -  location of fracture fill population. Hs -  location of 
hydrocarbon stain population. mMD -  meters measured depth. Wells 3 and 4 are 
identified in Figure 3.1
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The intensity o f the maximum SIRM value o f 900mT (SIRM 9 oomi) is considered 
to reflect changes in magnetite abundance (McCabe et al. 1989). In these wells, 
SIRMgoomT generally increases gradually with depth in the well; the exceptions are 
specimens classified as He and Cs, which show anomalous values to the general trend.
The IRM-backfield parameters indicate the abundance o f high-coercivity 
antiferromagnetic phases present in a specimen. For the standard S3 oo-ratio a typical scale 
o f 0  (high coercivity such as hematite and/or goethite) to 1 (low coercivity such as 
magnetite and pyrrhotite) is valid. The S3oo-ratio was >0.90 in all wells and averaged 
-0.94 which relates to a high-coercivity antiferromagnetic phases as low as 3 to 5% (= 
( 1 -S3oo)/2 ) (McCabe et al. 1989). A single highly coercive (0.41) specimen was observed 
in well 2 and has been excluded from the S-ratio calculations. No standard interpretation 
is available for the weaker Sioo-ratio which is used here to differentiate minor coercivity 
variations, perhaps due to differences in grain size or mineralogy, but it is generally a 
muted form of the S3 oo-ratio. All wells are characterized by a decrease in Sioo-ratio values 
with depth. This can be explained by either an increase in the proportion o f fine magnetic 
grains or pyrrhotite or a combination thereof. The Sioo-ratio ranged from 0.51 to 0.81 in 
well 3, where three specimens in a highly porous fractured interval between 835 and 838 
meters measured depth displayed values between 0.70 and 0.81, considerably above the 
0.61 well average. The Sioo-ratio o f wells 1, 2 and 4 ranged from 0.40 to 0.61 averaging 
0.53, 0.41 to 0 . 6 8  averaging 0.57, and 0.41 to 0.65 averaging 0.59, respectively. The Sioo- 
ratio indicates the fraction of high-coercivity antiferromagnetic phases is probably less 
than 30% (= ( l - S l 0 0 )/2) (McCabe et al. 1989).
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In an attempt to determine the relative abundance of pyrrhotite and magnetite, 
characteristic unblocking temperature determination was performed on specimens with 
an artificially induced magnetization. The use o f an “artificial” laboratory induced 
magnetic direction was selected over the “natural” directions present in specimens 
because step demagnetization indicated that the NRM reversed polarity through the 
unblocking interval o f ~270-330°C. Magnetic materials with Curie temperatures above 
450°C can not be analyzed due to geochemical changes.
The calculated value suggest that magnetite concentration may increase gradually 
from ~30-70% with depth, with the exception o f specimens observed to have abundant 
porosity, hydrocarbon staining, and /or fractures filled with calcite and dolomite. 
Specimen observed in close proximity to these fracture features typically retain less 
intensity above 330°C than the well profile trends suggest they should have, indicating a 
greater abundance o f pyrrhotite or multidomain grains. This magnetite to pyrrhotite ratio 
is consistent with Sioo-ratio fraction used to discriminate minor coercivity variations 
possible due to variation in grain size or mineralogy.
3.5 Discussion
3.5.1 Paleomagnetic Directions
In the previous work done by Gamer and Cioppa (in press) on dolomitized zones 
within the Trenton Group, two low temperature components and a single ChRM were
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
7 6
observed. The ChRM direction showed a broad agreement with other outcrop and 
subsurface studies from New York and Michigan, respectively.
In this extended study, dolomitized specimens (Ds), the largest group o f 70 
segments, were partially affected by a drilling induced remagnetization. This resulted in a 
scattered non-Fisherian declination distribution upon VRM to PEMF correlation and 
orientation (Gamer and Cioppa, in press). Thus only a paleolatitude arc could be used to 
represent this components’ paleoposition. It is not unreasonable to limit the age of 
dolomitization to between ~ 265 and 227 Ma based on constraints provided using both 
the arc and the APWP (Figure 3.5). This arc encompasses the pole positions for other 
studies o f the Ordovician Trenton carbonates from the Michigan Basin (52.4°N, 111.0°E, 
dp=3.9°, dm=7°; Suk et al. 1993) and New York State (53.0°N, 127.0°E, dp=1.8°, 
dm=3.9°; McCabe et al. 1984) (Figure 3.5). This agrees with the hypothesis that the 
chemical and/or thermal remagnetization o f North America occurred during the late 
Paleozoic (McCabe and Elmore 1989).
The effects o f drilling-induced magnetization may coexist with the observed 
VRM component resulting in the increased potential o f a declination error for the ChRM 
associated with limestones. The lack o f a totally accurate ChRM declination resulted in 
abnormally high error values. A minor “rotation” of Ls and Lsud paleopoles along an 
paleolatitudinal arc can result in a direction that agrees with any pole that falls in the 
Permian, but due to error values all poles between Early Permian to Middle Triassic 
(-303-227 Ma) must be considered. All limestone related paleopoles are lower in
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paleolatitude than both the Ds and Cs populations and may be related to an Early Permian 
fluid pulse associated with the Alleghanian Orogeny (McCabe and Elmore 1989) prior to 
or coeval with hydrothermal dolomitization. By definition, the Ls population could not 
have been affected by dolomitizing fluids.
In the paragenetic sequence of Colquhoun (1991), the formation of blocky to 
dogtooth calcite and replacement dolomite in porous sections post-dates the main 
dolomitization events. The magnetization associated with the fracture zones and these 
phases, should therefore post-date the main phase of the dolomitization. This Cs 
paleopole falls on the Triassic portion of the APWP, which corresponds to an age o f -240 
Ma. The paleopoles fall quite close to the paleolatitude arc defined by the magnetization 
o f the dolomitized specimens. Thus, the combined paleopoles for the Ls and Cs 
populations appear to constrain the beginning and end of the time interval for 
dolomitization and define the chemical remagnetization recorded in these Ontario 
Trenton carbonates. However, the fourth population o f directions, consisting of segments 
made up of oil stained specimens, contain no stable direction and cannot provide insight 
into the timing o f hydrocarbon emplacement.
3.5.2 Rock Magnetism Discussion
Investigating individual rock magnetic properties provides insight into magnetic 
mineralogy and granulometry but combining these properties with paleomagnetic and 
geochemical data can illustrate local scale fluid migration effect within a reservoir, and 
potentially provide some constraints on the timing of fluid events (Cioppa et al; 2001;
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Cioppa, 2003). In the Appalachian Basin, Ziegler and Longstaffe (2000) examined rocks 
above and below the Precambrian-Paleozoic unconformity, and concluded that authigenic 
clay mineralization was a result o f vertical fluid migration from the Precambrian- 
Paleozoic unconformity up in to the overlying Ordovician rocks.
In looking for evidence o f such migration in the magnetic properties, it was noted 
that the general trend observed in both Figure 3.9 and Figure 3.10, supported by the 
combination o f maximum S I R M g o o m T  value, unblocking temperatures and S-ratios, 
suggests that pyrrhotite has been replaced by magnetite at depth. The S I R M g o o m T  
parameter most probably reflects the variation in magnetite abundance through the wells. 
The bulk magnetic composition is a mixture o f pyrrohotite and magnetite, with the 
pyrrhotite content ranging from 70% to 30% of the total, and the high-coercivity mineral 
hematite contributing <5%. These fractions are consistent with the abundance of 
pyrrhotite estimated from observed relative NRM and ChRM intensities during 
paleomagnetic demagnetization. These results suggest the substitution o f pyrrhotite by 
magnetite by vertically migrating fluids. The Sioo-ratio increases with depth to the base of 
the Cobourg Formation, except in well 10, where it penetrates 10 meters into the 
Sherman Falls, before becoming a muted but parallel version o f the S3 oo-ratio. This could 
be a consequence o f the limited permeability o f the Cobourg, compared with the other 
Trenton Group formations (Carter et al. 1988), restricting but not eliminating the ability 
o f migrating fluids to move through the formation. Stable S-ratios are present below the 
base o f the Cobourg Formation. Results deviating from these general trends are most 
likely a consequence o f the abnormally high fluid rock interaction caused by more
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abundant and/or lateral movement o f fluids about the preferred conduits, fractures and 
porous zones.
Both NRM and iron concentration from the dolomites demonstrate similar trends 
o f increasing NRM and iron values with depth. This shows the relationship between iron 
abundance and the intensity/concentration o f magnetic minerals in any given specimen. 
No direct relationship can be drawn from the recorded NRM values due to the effects of 
the Earths magnetic field. Such overprinting results in scattering o f the total magnetic 
intensity, since the NRM records the vector sum of all directions.
In addition, a relationship between slightly elevated grain sizes and hydrocarbons 
in the vicinity o f well production zones was implied by the work o f Cioppa et al. (2002), 
who noted that larger grain sizes were observed in more thermally mature wells. This 
study suggests that such larger grains may only occur in zones where porosity provides 
additional space for unimpeded crystal growth, thus explaining the observations of 
increased effective magnetic grain size, and overall increased crystal size within the 
fracture zones and the Cs population samples. The tails on the pARM curves may 
indicate a contributing amount o f submicron-size, chemically precipitated, magnetic 
mineral reflective o f SD or PSD grains.
3.5.3 Fluid Flow Events Discussion
Although Ziegler and Longstaffe (2000) suggest the chemical alteration of illite 
was caused by a 342-299 Ma fluid flow event associated with very early Alleghanian
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
8 0
orogenic activity, no later fluid flow dates were recorded from their study which sampled 
sites approximately 100 km southeast of this study location. Secondary K-feldspar dates 
o f 322-284 Ma obtained for Cambrian rocks from southern Appalachia (Maryland, 
Pennsylvania, Virginia, Tennessee; Hearn et al. 1987) agree with Ziegler and 
Longstaffe’s (2000) youngest date. However, Duffin et al. (1989) obtained dates o f 271- 
214 Ma for illite clay from Cambrian rocks in the Upper Mississippi Valley district of 
Illinois. This is in good agreement with Lee and Aronson’s (1991) date o f 230-215 Ma 
for illite clay from Ordovician rocks along the Wisconsin Arch and Hay et al.’s (1988) 
date o f 279-254 Ma for illite-smectite transition from Ordovician tuffs in Missouri.
The paleomagnetic data and rock magnetic data from this study suggest that a 
single fluid event could not have precipitated all o f the magnetic minerals at a single 
time. Thus, it is more probable that compositionally different fluids affected the reservoir 
in a series o f sequential events as seen in the separate populations identified. Further, 
there is no reason to suggest that the fluids were sourced from the same location. The Ls 
remagnetization age correlates well to the radiogenic dates from southern Appalachia, 
whereas the magnetizations related to dolomitization and fracture fill (Ds and Cs) have a 
stronger link to the dates observed in Illinois, Wisconsin and Missouri.
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3.6 Conclusions
Paleomagnetic and rock magnetic analysis, combined with previous geochemical 
and petrologic data, has shown that distinct diagenetic events can be observed within 
reservoirs in southern Ontario. No evidence of a primary magnetization is observed in the 
425 specimens from four wells where the Trenton Group was sampled. The earliest 
remagnetization event is seen in lower latitude limestone paleopoles and corresponds 
well with the Permian age seen in other Appalachian rocks. A subsequent 
remagnetization date dolomitization to Late Paleozoic to Early Mesozoic; however it 
could not be contained further due to lack of oriented core. The paleomagnetic date for a 
fracture fill event falls squarely in the Triassic portion o f the APWP. Unfortunately, 
segments containing, or in close proximity to, hydrocarbon residue do not display 
identifiable stable components and therefore can not be dated.
Rock magnetic analyses suggest the viscous remanent magnetization used during 
declination correction is carried in dispersed single domain to pseudosingle domain 
pyrrhotite and magnetite, where as magnetite is the predominant characteristic remanent 
magnetization carrier with hematite influence in a few specimens. Although magnetic 
signatures o f both reservoirs are similar in pyrrhotite and magnetite composition, the 
Hillman pool has considerably more hematite influence. Variations in magnetic 
properties down core indicate vertically migrating fluid flow through the Trenton Group 
Formation. Zones that carry the fracture fill remagnetization break the trend in rock 
magnetic properties, suggesting a later fluid event. It is difficult to precipitate both
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magnetite and hematite for a relatively homogeneous chemical composition. The timing 
o f dolomitization events is more closely correlated to illitization dates observed in 
Illinois, Wisconsin and Missouri, than those of the New York Appalachian Basin. The 
evidence suggests multiple fluid events, relating to different fluid sources.
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IV. The origin of magnetic remanence acquisition in Ordovician petroleum 
reservoirs, southwestern Ontario
4.1 Introduction
Significant remagnetization by thermal, chemical or other processes has been 
recognized to have occurred during the late Paleozoic on the North American Craton 
(McCabe et al. 1989). A number o f studies have recognized the presence o f Permian 
remagnetization o f carbonate and clastic rocks within the Appalachian Basin (McCabe & 
Elmore 1989; McCabe et al. 1989; Elmore et al. 2001; Evans et al. 2001, Jackson and 
Worm 2001). McCabe et al. (1989) argued strongly for a predominantly chemical rather 
than thermal remagnetization in the Appalachians based on regionally low conodont 
color alteration index (CAI) values and existing geochemical data. Conodont CAI values 
are both time and temperature dependent and reflect the thermal history, and thus can be 
related to the laboratory unblocking temperature (T ub)  of a paleomagnetic component. 
Therefore, the implication o f low CAI values is that insufficient time and / or 
temperatures present for the remagnetization to be caused by burial. Lu et al (1990) 
supported tectonically driven brine migration as the cause o f chemical remagnetization. 
Saffer and McCabe (1992) revisited the possibility that, in combination with other 
factors, a heated pulse (fluids or non-fluid) could trigger a remagnetization. The 
consensus has been that the widespread Permian remagnetization is probably 
predominantly chemical, but a thermal remagnetization is not excluded on a local scale,
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where hot fluids may have penetrated (Colquhoun and Trevail 2000; Ziegler and 
Longstaffe 2000).
In order to investigate the possibility of a local thermally-induced remagnetization 
in carbonates, suitable study sites are necessary with both detailed paleomagnetic and 
conodont CAI studies. Ziegler and Longstaffe (2000) identified a possible basal fluid 
conduit in the course o f examining rocks above and below the Precambrian-Paleozoic 
unconformity in southwestern Ontario, and concluded that authigenic clay mineralization 
was a result o f vertical fluid migration from the Precambrian-Paleozoic unconformity up 
into the overlying Ordovician rocks. In a second study, conodont values from dolomitized 
structures in the Ordovician Trenton Group o f southwestern Ontario exhibit variable 
maturation that do not represent simple burial conditions, but rather indicate vertically 
migrating thermal fluids along a fault/fracture system (Colquhoun and Trevail 2000).
High CAI values suggest that there could be a thermoremanent remagnetization caused 
by the introduction o f hot fluids. In the same dolomitized structures, Gamer and Cioppa 
(in press) identified the magnetic minerals to be a mixture of single domain to 
pseudosingle domain pyrrhotite and magnetite, with minor hematite content in specific 
sections. Although the viscous remanence magnetization (YRM) appeared to be held in 
all the minerals o f the above assemblage, the characteristic remanent magnetization 
(ChRM) is limited to two major remanence carriers, magnetite and hematite.
Symons and Cioppa (2002) developed a method to estimate the minimum 
unblocking temperature necessary for a magnetization component to have been
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unaffected by a heating event, given a specific CAI value. Consequently, the use o f CAI 
versus 7ub plots combined with detailed CAI values, remagnetization unblocking 
temperatures and knowledge o f the magnetic remanence carriers, permits the influence (if 
any) of a thermoremnant remagnetization to be determined.
4.2 Pool Description and Methodology
Four cores were examined for magnetization unblocking temperature ( M u b ) ,  
described below, and compared with CAI values determined by Colquhoun and Trevail 
2000). The cores are from vertical wells drilled by Consumers’ Gas Company Ltd. et al. 
in southwestern Ontario, and represent two oil producing wells from each o f the Hillman 
and Goldsmith-Lakeshore pools respectively (Figure 1): 1) 33821 (Mersea Twp., trac. 3, 
lot 12, con. I), 2) 33823 (Mersea Twp., trac.l, lot 12, con. A), 3) 34151 (Mersea Twp., 
trac. 7, lot 18, con. VIII), 4) 34160 (Romney Twp., trac. 5, lot 8 , con. II). The Trenton 
Group reservoir lithofacies consists mainly o f dolomite with a few thin limestone layers 
(Colquhoun and Trevail 2000). It is a common exploration practice in Ontario to target 
such hydrothermally dolomitized regions for oil and gas production. The pool’s structural 
trend is north-west, parallel to other reservoirs in the area (Sanford et al 1985).
A complete description o f the paleomagnetic sample collection methods from 
core is given by Cioppa et al. (2000). While Gamer and Cioppa (in press) discussed the 
observed components from all segments, this study only examined specimens from 
segments in close proximity to intervals with CAI values. Paleomagnetic sampling could
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only be conducted on continuous core segment above or below the previously studied 
interval because o f the destruction of the core as a result of conodont extraction.
Remanence vector components for each specimen were obtained using the least- 
squares analysis method of Kirschvink (1980). Most components were defined over three 
or more demagnetization steps. These components were used as constraints to determine 
M u b - The M u b  is the lowest possible unblocking temperature that could be used to define 
the ChRM component, and is calculated as the mean temperature o f the transition arc 
between the VRM and ChRM components (Figure 2). The segment Mub (Tables 1 and 2) 
was calculated by determining the mean Mub of all specimens within a segment. The 
VRM is gradually acquired during exposure to a weak magnetic field over a prolonged 
period o f time, and it typically represents the present-day Earth’s magnetic field direction 
in these specimens (Gamer and Cioppa, in press). Therefore, any discussion of thermal 
effects can only be evaluated at temperatures above the M u b -
As Gamer and Cioppa (in press) showed that the ChRM was constrained between 
290°C and 450°C and therefore almost at the Curie temperature o f pyrrhotite, the 
pyrrhotite 7 u b - C A I  plot was not used. Therefore results were compared on either the 
appropriate magnetite or hematite 7 u b - C A I  plot (Symons and Cioppa 2002).
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Location o f Ordovician reservoirs (shaded). The four petroleum wells sampled in 
southwestern Ontario are indicated by numbered points.
(with permission o f  the Ontario Oil, Gas and Salt Resources Library).












Non-azimuthally oriented orthogonal demagnetization plots (Zijderveld 1967) for 
representative thermally demagnetized specimen (Specimen #025301): VRM - viscous 
remanent magnetization, Mub - magnetization unblocking temperature, ChRM - 
characteristic remanent magnetization. Triangles indicate projection in the vertical plane; 
circles indicate projection in the horizontal plane.
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Table 4.1 H illm an  Pool, Mub and conodont C A I va u e s
Well Sg- Sg. mMD Sp. Mub(°C) Con. mMD CAI Temp. (°C)
1 1 769.7-769.85 4 310 770.75-770.85 2 60-140
1 2 777.5-777.7 5 330 778.75-778.85 3-3.5 110-240
1 3 786.3-786.45 4 330 785.80-785.90 1-1.5 50-90
1 4 800.8-808.85 2 310 800.70-800.77 1.5-2 50-140
1 5 805-805.15 4 350 805.00-805.10 2 60-140
2 1 769-769.1 3 310 769.9-770.0 2 60-140
2 2 770.15-770.2 4 310 769.9-770.0 2 60-140
2 3 776.0-776.1 2 330 779.78-779.85 3-3.5 110-240
2 4 778.6-778.75 6 350 779.78-779.85 3-3.5 110-240
2 5 789 1 290 786.85-787.0 2-2.5 60-150
2 6 787.9 1 290 787.0-787.1 2-2.5 60-150
2 7 788.45-788.5 2 290 788.3-788.4 1.5-2 50-140
2 8 788.6-788.65 2 290 788.3-788.4 1.5-2 50-140
2 9 797.8-798.8 2 290 797.95-798.05 1.5 50-90
2 10 798.1-798.15 2 330 797.95-798.05 1.5 50-90
2 11 801.0-801.2 6 330 800.0-800.13 1-1.5 50-90
2 12 810.3-810.55 7 330 809.6-809.7 1-1.5 50-90
Notes. Wells 1 and 2 are identified in Figure 4.1. Sg. -segm ent. mMD -  meters measured depth. Sp. 
number o f  specimens. MUB-  magnetization unblocking temperature. Con. -  conodont. CAI -  color 
alteration index. Temp. -  CAI temperature values, (modified from Colquhoun 1991).
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Table 4.2 Goldsmith-Lakeshore Pool, Mub and conodont CAI values
Well Sg- Sg. mMD Sp. Mub (°C) Con. mMD CAI Temp. (°C)
3 1 808-808.9 8 290 809.33-809.40 2.0-2.5 60-150
3 2 819-819.5 6 290 818.95-819.05 2.5 110-200
3 3 819.6-819.9 4 290 818.95-819.05 2.5 110-200
3 4 820-820.5 6 290 819.84-819.96 2.5-3.0 110-200
3 5 821.98-822.5 11 270 822.61-822.70 1.5 50-90
3 6 825.0-825.18 5 290 825.96-826.03 2 60-140
3 7 826.47-826.52 4 290 825.96-826.03 2 60-140
3 8 826.92-827.1 5 290 827.14-827.25 2 60-140
3 9 828.6-828.8 5 290 828.07-828.15 2 60-140
3 10 832.1-832.34 5 270 832.39-832.49 2 60-140
3 11 832.5-832.55 2 270 832.39-832.49 2 60-140
3 12 839.11-839.54 5 270 839.58-839.66 3 110-240
3 13 839.67-840 4 290 839.58-839.66 3 110-240
3 14 844.55-844.64 3 270 845.05-845.09 2.5-3 110-200
3 15 845.1-845.25 5 290 845.05-845.09 2.5-3 110-200
3 16 847.2-847.5 6 270 847.85-847.92 2 60-140
3 17 847.93-848 3 290 847.85-847.92 2 60-140
3 18 857.23 1 290 857.25-857.32 2 60-140
3 19 857.89-858.3 7 290 857.25-857.32 2 60-140
3 20 859.65-859.68 2 270 859.72-859.80 1.5 50-90
3 21 859.95-859.99 2 290 859.72-859.80 1.5 50-90
3 22 865.52-865.9 6 290 865.11-865.28 2 60-140
4 1 801.1-801.2 2 290 801.26-801.35 2.5-3 110-200
4 2 801.4-801.5 3 290 801.26-801.35 2.5-3 110-200
4 3 812.2-812.25 2 290 812.04-812.15 2 60-140
4 4 812.3 1 270 812.04-812.15 2 60-140
4 5 820.1-820.2 3 290 820.22-820.28 1.5-2 50-140
4 6 825.9 1 290 825.96-826.06 1.5-2 50-140
4 7 826.1-826.15 2 290 825.96-826.06 1.5-2 50-140
4 8 833-833.1 3 290 833.11-833.19 2 60-140
4 9 833.5-833.6 3 270 833.11-833.19 2 60-140
Notes. W ells 3 and 4 are identified in Figure 4.1. Sg. -segm ent. mMD -  meters measured depth. Sp. 
number o f  specimens. MU0 -  magnetization unblocking temperature. Con. -  conodont. CAI -  color 
alteration index. Temp. -  CAI temperature values, (modified from Colquhoun 1991).
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4.3 Results
A total o f 48 segments were examined: 14 with conodont CAI values o f < 2, 31 
with values o f 2 to 3, and 3 with values o f >3. The mean Mub o f all specimens within a 
segment were in near perfect agreement with each other, and deviations were typically 
less than two demagnetization steps per segment. Results from the Hillman pool (Table 
1) displayed a considerably higher Mub range (290-330°C) than the Goldsmith- 
Lakeshore pool (Table 2) which is defined over 20°C (270-290°C). The values overlap 
only at the Mub o f 290°C, even though the same proportion o f CAI values are 
represented in each well.
The appropriate 7 ub-C A I plots (Figures 3 and 4), discussed below, were selected 
for each pool population based on the dominant mineral assemblage determined by 
Gamer and Cioppa (in press). For a specific CAI value, magnetizations unblocked at 
temperatures between the 7ub curve and the Mub range may have been reset by thermal 
processes, whereas magnetizations unblocked at temperatures above the curve are likely 
to predate the thermal event (Symons and Cioppa 2002). The mean Mub range for each 
segment appears to be unrelated to the observed CAI values, and thus no correlation is 
observed between the CAI values and the Mub values.
4.4 Discussion and Conclusion
The Hillman pool (wells 1 and 2) contains a combination o f magnetic mineral 
carriers. Gamer and Cioppa (in press) described the ChRM as a contribution o f a mixed
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product o f  m ag n etite  and h em atite . A lth o u g h  the h ig h -co erc iv ity  m in eral hem atite  
contributes <5%  o f  th e  total m agn etic  m aterial, the resu lts w ere  ex a m in ed  o n  both  the  
m agn etite  and h em atite  7 ub-C A I  p lo ts  for co m p le ten ess . T he tem peratures n eed ed  for  
rem agn etization  vary  from  m ineral to  m ineral as illustrated  b y  the d ifferen t m ajor  
rem anence carriers, m ag n etite  and h em atite , 7 ub-C A I  p lots.
The plots suggest that, if  the remanence is carried by magnetite, the ChRM 
component will have been unaffected by heating in segments with CAI values < 2. In the 
segments that have CAI values > 2, a remanence carried by magnetite could contribute to 
the lower unblocking temperatures o f the ChRM component, i.e. those below the Tub 
curve (Figure 4.3). Thus, the remanence carried by magnetite is considered to be partially 
suspect at higher CAI values, but generally cannot cause complete remagnetization.
The effect o f a thermal event might also be evident in specimens containing 
hematite, given the range o f CAI values observed. Even the lower CAI values of 1 or 2 
could have produced a limited remagnetization in unblocking temperatures below the Tub 
curve (Figure 4). At higher CAI values (2 -  3.5) the lower unblocking temperature ChRM 
steps would have been affected as a result o f such elevated temperatures. Thus, segments 
from the Hillman pool carry compelling evidence for at least partial remagnetization as a 
result o f thermal influence, if  the remanence is carried by hematite.
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Figure 4.3
Laboratory unblocking temperature in magnetite ( T u b )  (solid symbols, thick-line curves) 
as a function of conodont CAI value (open symbols, thin line curves). The lower line of 
each set o f curves represents specimens exposed to the indicated temperature for a 
geologic time interval o f ~ 1 0 8 years, the middle line o f ~ 1 0 6  years, and the upper line of 
~ 1 0 4 years. Range of mean magnetization unblocking temperature ( M u b )- For a specific 
CAI value, magnetizations unblocked at temperatures below the thick-line curve are 
likely to have been reset, whereas magnetizations unblocked at temperatures above the 
curve are likely to predate the thermal event, (modified from Symons and Cioppa 2002).
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Figure 4.4
Laboratory unblocking temperature as a function of CAI value in hematite (LUB-CAI 
plot). See Figure 4.3 for details on use. (modified from Symons and Cioppa 2002).
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
9 8
In the Goldsmith-Lakeshore pool (wells 3 and 4) the potential influence of a 
thermal event was evaluated solely on a magnetite 7 u b - C A I  plot because the ChRM is 
present dominantly in magnetite (Gamer and Cioppa in press). As in the Hillman pool, 
the majority o f segments have CAI values < 2, and thus there is no significant 
remagnetization associated with heating because the ChRM unblocking temperatures fall 
above the predicted 7 \ jb and the magnetization is likely to predate the thermal event. 
However, in the third o f segments with CAI values > 2 the ChRM can be considered to 
be partially suspect (Figure 3).
The lower observed Mub in this (Goldsmith-Lakeshore) pool suggests that the 
effect o f the thermal event should be more apparent that in the Hillman pool. As many as 
a third of the segments studied (CAI values > 2) could have been remagnetized in the 
lower unblocking temperature ChRM steps as a result of a localized thermal event rather 
than purely chemical remanence acquisition.
Evaluation o f the paleomagnetic data for the specimens (Gamer and Cioppa in 
press) did not reveal a distinctive ChRM direction, regardless o f CAI value, in the 
interval between the M u b  and the T u b - Therefore, all the observed magnetizations were 
either unaffected by the thermal event that created the CAI values (i.e. values < 2.0 for 
magnetite), or must post-date the thermal event, and may in fact, be low temperature 
chemical remagnetization.
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Paleomagnetic analysis o f 425 specimens from two fractured and hydrothermally 
dolomitized petroleum reservoirs indicates that there are four populations with different 
characteristic remanent magnetization (ChRM) directions. No evidence for primary 
(depositional) magnetizations was observed in the specimens from four wells where the 
Trenton Group was sampled. These individual populations were initially identified as 
having a single characteristic remanence direction of D = 152.3°, I = -12.3° (N = 49, (X9 5  = 
8.7), although non-Fisherian distributions were observed (Fisher 1953), based on thermal 
demagnetization results. A drilling-induced magnetization (VRMdi) was present in less
J
than half the specimens sampled in this study. In the segments without VRMdi, the 
observed ChRM segment means were azimuth-corrected by aligning the viscous 
remanence magnetization (VRM) with the present Earth’s magnetic field direction, and 
the means were combined into a single direction. Where the VRM correction could not 
be made, a paleolatitudinal arc calculated from the inclination-only mean o f I = -9.0° (N 
= 3 4 ,0195= 3.0°) intersected the apparent polar wander path in the Late Permian -  Early 
Triassic. This paleodirection is similar to the paleomagnetic directions observed in 
Ordovician Trenton carbonates from the Michigan Basin (52.4°N, 111.0°E, dp=3.9°, 
dm=7°; Suk et al. 1993) and New York State (53.0°N, 127.0°E, dp=1.8°, dm=3.9°; 
McCabe et al. 1984), suggesting a related regional late Paleozoic remagnetization.
It was not until rock magnetic analysis, combined with previous geochemical 
and petrologic data, was done that distinct diagenetic events were observed and used to
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separate the four populations and respective ChRM directions. Although four distinct 
ChRM populations were identified, only two o f the populations produced reliable 
paleodirections; the limestone (Ls) specimens had a direction o f D = 172.2°, I = -0.1°
(0195 = 33.5; N  = 5; k = 6.18) and the calcite and dolomite fracture fill specimens (Cs) had 
a direction o f D = 183.3°, I = -10.4° (0 1 9 5 = 3.8; N = 49; k = 130.71). A drilling-induced 
magnetization (VRMdi) affected a majority o f the segments comprised o f dolomitized 
rocks (Ds). In these Ds segments, where the VRM correction could not be made, a 
paleolatitudinal arc calculated from the inclination-only mean o f 1= -10.2, (n= 70, 0195= 
1.6) passes through the entire Permian and Early Triassic portions o f the North American 
apparent polar wander path. The earliest remagnetization event is seen in lower latitude 
Ls paleopoles and corresponds well to the Permian age seen in other Appalachian rocks. 
A subsequent remagnetization dates dolomitization to the Late Paleozoic to Early 
Mesozoic; however it could not be constrained further due to lack o f orientation. The 
paleomagnetic pole for the fracture fill event falls squarely on the Triassic portion o f the 
North American apparent polar wander path. Unfortunately segments containing or in 
close proximity to hydrocarbon residue do not display identifiable stable components and 
therefore can not be dated.
The magnetic signatures o f both reservoirs suggest similar pyrrhotite and 
magnetite minerals, but the Hillman pool has considerably more hematite influence. 
Variations in these magnetic properties down core indicate vertically migrating fluid flow 
through the Trenton Group Formation. Zones that carry the fracture fill remagnetization 
break the overall trend in the rock magnetic properties, and suggest a late fluid event, as it
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is difficult to precipitate both magnetite and hematite for a relatively homogeneous 
chemical composition. The results provide evidence for vertically migrating fluid flow 
through the Trenton Group, which may have been associated with dolomitization. The 
timing of the dolomitization event is more closely correlated to illitization dates observed 
in Illinois, Wisconsin and Missouri (Hay et al. 1988; Duffin et al.1989; Lee and Aronson 
1991) than those o f the New York Appalachian Basin (Hearn et al. 1987; Ziegler and 
Longstaffe 2000). In isolated zones with favorably high porosity and permeability, the Cs 
magnetization is associated with a later Early Triassic event observed in fracture fill.
Thus, dolomitization in these reservoirs occurred prior to this event, probably sometime 
between the late Permian (Ls age) and Early Triassic (Cs age). Thus, the evidence 
suggests multiple fluid events, which may relate to different fluid sources.
Previous work using the conodont color alteration index (CAI) provided evidence 
for a thermal event (Colquhoun and Trevail 2000). This event could potentially have 
affected the ChRM component and produced a localized thermal remanence. Analysis of 
the paleomagnetic and CAI data suggests that all the observed magnetizations were either 
unaffected by, or post-date, the thermal event.
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Appendix A: Additional tables of non-oriented and oriented magnetization means
Attached in the next four pages are additional tables o f non-oriented and oriented 
magnetization means for all segments examined throughout various chapters o f this 
thesis. Full tables were never included in any submitted manuscript due to restriction of 
space.
Table A l. Well 1. Non-oriented and oriented magnetization means 
Table A2. Well 2. Non-oriented and oriented magnetization means 
Table A3. Well 3. Non-oriented and oriented magnetization means 
Table A4. Well 4. Non-oriented and oriented magnetization means














Table A1. Well 1. Non-oriented and oriented magnetization means
Consumers’ Gas Com pany Ltd. et al. 33821. Hillman Pool, Mersea Township, tract 3, lot 12, concession I
Lat. 42.03 Long. -82.56 IGRF D. n 352.594 l.(°) 69.956
Depth (mMD) V RM ChRM Oriented ChRM
sg- Top Bottom Sp. D. O l.(°) a 9 s(°) k Sp. D. (°) l.(°) a9S(°) k Sp. D. (°) l.(°) d 95(°) k
1 768.6 768.75 4 285.7 75.6 4.9 348.92 4 76.9 -9.6 9.3 99.19 4 143.8 -9.6 9.3 99.19
2 769.7 769.85 4 314.2 69.1 4 528.15 4 78.5 -9.2 6.6 197.61 4 116.9 -9.2 6.6 197.61
3 773.2 773.4 5 336.4 89.2 14.9 27.5 5 350.6 -0.9 14 30.96 VRMdi
4 775 775.2 5 11.2 68.1 5.2 220.5 5 157.9 -5 5.8 174.11 5 139.3 -5 5.8 174.11
5 775.5 775.6 3 202.1 86.6 6.4 375.7 3 347.1 -4.6 13.8 80.53 VRMdi
6 777.5 777.7 5 125.7 76 8.6 80.51 5 328.4 6 24.8 10.46 5 195.3 6 24.8 10.46
7 778 778.2 3 228.8 -72.8 17.5 50.58 3 114.6 8.4 9.8 158.23 3 238.4 8.4 9.8 158.23
8 783.3 783.4 3 91.4 78.3 16.8 55.06 3 281.7 -14.2 31.1 16.74 3 182.9 -14.2 31.1 16.74
9 786.3 789.45 4 283.5 88.6 6.2 223.09 4 319.7 -1.3 8.8 110.17 VRMdi
10 794 794.1 3 53.9 84.4 7 310.27 3 282.7 -5 13.4 85.55 3 221.4 -5 13.4 85.55
11 800.8 800.85 2 308.8 82.9 17.5 205.41 2 31.7 -5.3 32.7 60.51 2 75.5 -5.3 32.7 60.51
12 803 803.15 4 278.6 83 2.9 995.43 4 69.2 -6.5 7 174.7 4 143.2 -6.5 7 174.7
13 805 805.15 4 221 -84.4 9.9 86.52 4 48.3 0.2 6.5 201.99 4 179.9 0.2 6.5 201.99
14 812.3 812.4 3 81.5 76.2 6.7 342.16 3 186.4 -2.4 11.3 120.65 3 97.5 -2.4 11.3 120.65
15 815.2 815.35 4 84 79.9 10.4 78.62 4 295.4 -12.9 6.3 215.84 4 204 -12.9 6.3 215.84
16 817.5 817.7 5 349.5 77.6 9.6 64.27 5 99.7 -3.4 5.9 170.08 5 102.8 -3.4 5.9 170.08
Notes. Lat. -  Latitude. Long. -  Longitude. IGRF -  International Geomagnetic Reference Fied. D. -  declination. I. -  inclination. mMD -  meters 
measured depth. VRM -  viscous remanence magnetization. ChRM -  characteristic remanent magnetization. Sg. -segment. Sp. -  number of 


















Table A2. Well 2. Non-oriented and Oriented magnetization means
Consumers’ Gas Company Ltd. etal. 33823. Hillman Pool, Mersea Township, tractl, lot 12, concession A
Lat. 42.04 Long. -82.56 IGRF D.(°) 352.591 l.(°) 69.963
Depth (mMD) VRM ChRM Oriented ChRM
sg- Top Bottom Sp. D. O I. (•) CteO k Sp. D. (°) l.(°) C95 (°) k Sp. D. O l.(°) OssO k
1 764.45 764.45 5 20.4 73.5 5.2 213.46 5 120.5 53.2 41.2 29.83 5 120.5 53.2 41.2 29.83
2 768 768.06 3 316.8 79.9 8 239.05 3 126.2 7.2 3.6 2328.5 4 194.4 2.6 12.5 2328.5
3 770.15 770.18 4 60.3 69 7.5 152.61 4 252.1 -4.7 3.7 625.88 4 184.4 -4.7 3.7 625.88
4 772.8 772.8 2 56.2 38.8 180 3.56 2 196 5.8 47.3 30.03 VRMdi
5 773.8 773.82 3 299.7 82.9 15.4 64.82 3 46.9 -16.3 2.7 2085.1 VRMdi
6 776 776 2 132.2 36.1 12.5 402.95 2 293.6 -10 7.9 1010.2 3 178.5 -10.3 5.8 1010.2
7 778.7 778.75 9 63.1 74.4 6.5 62.8 8 196.2 -3.5 11 26.54 8 196.2 -3.5 11 26.54
8 780.61 780.66 6 13.9 70.3 3.5 371.03 7 176.4 36.4 18 12.21 7 2 36.4 18 12.21
9 784.78 784.8 3 255.7 85.7 3.8 1074.9 3 54.8 -6.5 13.3 86.86 4 173.1 -12.7 17.4 86.86
10 785.5 785.5 1 116.2 33.9 - - 1 90.5 -16.3 - - 1 -33.1 -16.3 - -
11 786 786 1 21 -83.3 - - 1 117.7 8.9 - - 1 89.3 8.9 - -
12 787.9 787.9 1 266.2 -76.9 - - 1 158.5 21.3 - - 1 -75.1 21.3 - -
13 788.4 788.43 2 227.4 -78 4.9 2566.5 2 110.7 15 2.8 7847.8 VRMdi
14 789 789.1 4 26.9 69.3 3.7 610.72 3 185.6 -3.9 21.9 32.77 3 151.3 -3.9 21.9 32.77
15 793.3 793.4 2 329.8 85.7 13.9 325.1 3 31.5 -6.6 15.9 61.47 4 40.7 -6.7 11.3 61.47
16 794.8 794.9 3 62.4 67.1 4.7 677.46 4 220.7 -1 16.9 30.5 4 150.9 -1 16.9 30.5
17 796.8 796.9 3 96.8 -77.9 5.4 529.06 3 244.8 17.2 4.7 680.77 VRMdi
18 797.9 798 2 316.1 80 24.4 106.83 2 88 -16.3 5.4 2146.5 2 124.5 -16.3 5.4 2146.5
19 798.1 798.15 2 62.9 76 14.1 316.72 2 259.4 -8.4 29.2 75.24 2 189.1 -8.4 29.2 75.24
20 798.2 798.25 2 75.7 77.7 15.1 273.9 2 293.6 -5.8 7.4 1138.9 2 210.5 -5.8 7.4 1138.9
21 809.8 810.2 6 309.7 77.4 4 278.29 6 117.6 1.5 5.4 156.54 6 160.5 1.5 5.4 156.54
22 802 802.8 15 354.8 77.6 2.8 186.94 14 141.4 2.4 3.2 151.31 14 139.2 2.4 3.2 151.31
23 807.3 807.9 12 16.4 80.1 6.6 44.09 12 228.7 3.1 9 24.26 12 204.8 3.1 9 24.26
24 810.3 810.6 7 333.9 71.5 3.3 329.21 7 129.5 -0.9 3.8 255.63 7 148.2 -0.9 3.8 255.63
25 816.6 817.1 9 123.3 81.7 4.3 146.43 9 292.5 -10 5 107 VRMdi















Table A3. Well 3. Non-oriented and Oriented magnetization means
Consumers’ Gas Company Ltd. et al. 34151. Goldsmith-Lakeshore Pool, Mersea Township, tract 7, lot 18, concession VIII
Lat. 42.3416 Long. -82.4448 IGRF D. (°) 352.474 l.(°) 70.000
Depth (mMD) V RM ChRM Oriented ChRM
sg. Top Bottom Sp. D. (•) i-O a95 O k Sp. D. O l.(°) a95(°) k Sp. D. (“) l-O a95(°) k
1 813.8 814.9 4 310.4 72.8 5.3 302.75 4 81 -14.4 4.4 431.06 VRMdi
2 816.8 817.25 4 90.1 71.7 5.8 235.91 4 274.2 -14.9 3.3 761.73 4 176.6 -14.9 3.3 761.73
3 819.5 820 6 297.4 80.1 3.8 306.98 6 125.8 -12.9 2 1072.8 6 125.8 -12.9 2 1072.8
4 823.55 824.29 5 256.1 77.2 15.8 24.33 5 81.5 -9.7 8.7 78.6 5 177.9 -9.7 8.7 78.6
5 825 825.18 3 199.4 80.5 6.4 369.49 3 309.6 -19 6.5 357.27 VRMdi
6 826.92 827.1 6 151.2 75.8 6.2 118.6 6 290.2 -15.9 5.2 165.33 6 131.5 -15.9 5.2 165.33
7 829.99 830.01 3 224.7 78.5 7.7 254.21 3 337.8 -10.2 7.5 271.11 3 105.6 -10.2 7.5 271.11
8 831.98 832.05 4 0.9 86 6.8 183.29 4 219.1 -18.8 5.6 267.06 VRMdi
g 832.1 832.34 6 67.9 82.7 6.1 123.41 6 284.3 -13.9 7.9 72.81 VRMdi
10 832.5 832.55 3 234 80.2 7.5 267.97 3 275.7 -20.6 11.7 112.35 VRMdi
11 832.65 832.7 3 71.5 83.2 15.1 67.47 3 285 -15 1.6 5944.1 VRMdi
12 833.9 834 3 312.4 74.4 5.1 589.59 3 143.4 -10.6 10.4 141.26 3 183.5 -10.6 10.4 141.26
13 839.78 837.1 5 160.3 71.1 8.5 81.69 5 266.9 -9.9 7.1 118.01 5 99.1 -9.9 7.1 118.01
14 838.63 838.93 4 163.9 83.1 9.4 96.15 4 1.7 -10.5 8.1 129.33 VRMdi
15 839.21 839.54 5 197.9 69.8 10.4 54.71 5 316.1 -18.8 6.8 126.25 VRMdi
16 844.55 844.64 3 233.1 69.8 10.6 163.83 3 12.3 -11.1 10.4 142.69 3 131.7 -11.1 10.4 142.69
17 845.04 845.25 4 91.4 80.6 4.8 360.56 4 239.1 -15.3 9.8 88.02 4 239.1 -15.3 9.8 88.02
18 847.2 847.5 5 168.3 79.4 4.8 254.75 5 322.1 -13.9 4.9 243.01 5 146.3 -13.9 4.9 243.01
19 847.93 848 3 292.5 72.2 10.9 128.21 3 85.9 -9 6.5 361.2 3 145.9 -9 6.5 361.2
20 848.53 848.59 3 120.2 75.3 5.8 456.21 3 260.9 -16.1 5.8 455.59 3 133.2 -16.1 5.8 455.59
21 849.5 849.85 6 314.5 74.4 4.5 226.3 6 70.6 -16.9 4 276.55 6 108.6 -16.9 4 276.55
22 851.43 851.76 4 148.1 79 13 50.63 4 277.3 -17 9 105.8 4 121.7 -17 9 105.8
23 853.55 853.68 4 127.5 75.6 4.7 387.47 4 272 -10.7 9.6 93.4 4 137 -10.7 9.6 93.4
24 854.51 854.65 4 199.1 82.5 14.7 39.95 4 10.7 -13.1 6.2 220.1 VRMdi
25 857 857 1 209.8 -71.6 - - 1 32 3 - - 1 32 3 - -
26 854.89 858.3 4 36.4 75.8 7.6 148.91 5 188.8 -9 1.7 1919 5 144.9 -9 1.7 1919
27 858.5 858.9 3 129.7 75.7 4.3 819.24 3 299.9 -11.5 8.9 192.71 3 162.7 -11.5 8.9 192.71
28 859.65 859.68 3 347.2 71.9 4.5 760.12 3 156.5 -11.7 2.7 2099.7 3 161.8 -11.7 2.7 2099.7
29 859.95 859.99 2 210.1 79.4 13.4 348.19 2 346.6 -14.2 7.8 1029.3 VRMdi
30 861.55 861.91 4 191.4 -75.9 10.7 75.18 4 28 10 8.2 127.57 VRMdi
31 862.6 862.96 5 181.6 78.6 7.7 100.83 5 329.8 -15.1 4.8 259.41 5 140.7 -15.1 4.8 259.41
32 863.62 864.08 5 196.4 77.6 7.6 102.38 5 342.4 -13.9 3.1 614.99 5 138.5 -13.9 3.1 614.99















Table A4. Well 4. Non-oriented and oriented magnetization means
Consumers’ Gas Company Ltd. et al. 34160. Goldsmith-Lakeshore Pool, Romney Township, tract 5, lot 8, concession II
Lat. 42.120556 Long. -82.4875 IGRF 0. (°) 352.507 l.(°) 70.018
Depth (mMD) VRM ChRM Oriented ChRM
sg- Top Bottom Sp. D. (•) l.(°) a95(°) k Sp. D. O i. n a9S(°) k Sp. D. O I. o a9S(°) k
1 801.1 801.11 2 93.9 66.8 28.1 81.06 2 224.2 -12 20.2 155.07 4 168.9 -4.3 12 20.2
2 801.4 801.7 8 59 71.5 4.2 173.53 8 219.4 -14.7 4.9 128.03 8 152.9 -14.7 4.9 128.03
3 802.2 802.45 6 15.3 71.9 5.2 165.89 6 146.2 -14.3 9.6 49.42 6 123.4 -14.3 9.6 49.42
4 807.4 807.7 7 183.6 84 3.5 300.39 7 28.4 -21.3 2 937.96 VRMdi
5 809.7 810 7 48.9 71.1 4.8 162.1 4 208.3 -11.2 7.1 72.67 4 151.9 -11.2 7.1 72.67
6 811.1 811.4 7 28.3 68.3 2.9 434.81 7 190.3 -7.7 5.8 108.79 7 154.5 -7.7 5.8 108.79
7 812.2 812.21 2 60.7 70.5 5.1 2436.7 2 253.6 -11.7 5 2482.3 4 185.9 -10.5 2.2 5
8 812.3 812.3 1 58.1 73.4 - - 1 250.9 -14.4 - - 2 214.1 -12.6 8 72.67
9 815.45 815.9 9 78.2 75.1 3.5 223.61 9 291.4 -18.9 4.2 148.19 9 205.7 -18.9 4.2 148.19
10 816.3 816.6 7 64.8 77.8 3.7 267.07 7 304.1 -12.8 2.7 491.4 7 231.8 -12.8 2.7 491.4
11 817.4 817.65 7 234 86.4 5.6 116.96 7 353.9 -17 5 146.11 VRMdi
12 820.1 820.11 3 84.6 74.9 6.9 3 199.8 -10.1 9.2 49.42 6 307.4 -12.7 5.1 49.42
13 822 822.3 8 353.8 79 5.3 109.21 8 115.5 -10.6 3.5 257.89 VRMdi
14 824.6 824.9 7 353.9 85.1 6.5 86.57 7 62.1 -13.8 3.8 255.84 VRMdi
15 825.9 825.9 1 124 72.5 - - 1 355.6 -18.8 - - VRMdi
16 826.15 826.45 9 34.2 82.6 6.5 64.27 9 328.8 -17.4 2.9 312.85 11 361.6 -18 2.5 541.45
17 827.5 827.7 5 26.3 81.3 9.4 67.79 5 0.1 -19.7 10.2 57.31 VRMdi
18 831.45 831.7 6 19.4 83.2 2.5 743.99 6 95.7 -13.5 2.8 559.8 VRMdi
19 832.8 833.1 8 36.4 78.9 5.5 103.78 8 229.8 -8.7 3.9 205.79 11 185.9 -9.5 3.1 273.56
20 833.5 834 6 344.6 86.5 ' 6.4 110.67 6 80.5 -16.5 3.7 335.49 9 36.4 -16.7 3.2 366.27
21 834.85 835.15 8 90.7 85 7.9 49.86 8 55.6 -17.3 2.9 357.4 VRMdi
22 836.3 836.5 4 49.2 74.8 7.2 164.97 5 207.4 -7.4 4.7 261.91 5 150.7 -7.4 4.7 261.91
Notes. See Ta ble A1 for detai s.
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